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Wnts act as fundamental cues to regulate various cellular processes 
during development, such as cell proliferation, cell differentiation, cell 
migration, cell polarity and stem cell maintenance.  Deregulation of Wnt 
signaling leads to developmental abnormalities and other diseases. Mutations 
affecting Wnt signaling also cause human cancers, such as colon cancer and 
hepatocellular carcinomas.  
Wnts bind to Frizzled, Ryk or Ror to trigger cellular responses. Ryk is 
a single-pass transmembrane receptor. The Ryk protein consists of the 
extracellular domain (ECD), a tramsmembrane (TM) and the intracellular 
domain (ICD). The extracellular domain contains a WIF domain which is 
required for Wnt binding. The intracellular domain can be subdivided into a 
juxtamembrane region and an “inactive” kinase domain. There is relatively 
little information regarding how Wnt-Ryk signaling works, compared to Wnt-
Fz signaling.  
In this study, we used C. elegans as a model to investigate Wnt-Ryk 
signaling. LIN-18 is the Ryk ortholog in C. elegans. Loss-of-function 
mutations affecting LIN-18/Ryk or LIN-17/Fz cause the P-Rvl phenotype 
during vulval development in C. elegans. 
We showed that overexpression of LIN-18ECD-TM (LIN-18 fragment 
lacking the intracellular domain) is sufficient to rescue the P-Rvl phenotype of 
lin-18, which is consistent with previous result in Inoue et al. (2004). This 
suggests that the intracellular domain of lin-18 is not required for signaling. 
Lyu et al. (2008) showed that mammalian Ryk is cleaved and the intracellular 
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domain (ICD) is translocated into the nucleus to stimulate neurite outgrowth. 
We could not detect the presence the LIN-18ICD fragments in C. elegans, 
suggesting that LIN-18 may not be cleaved. However, we found that 
transgenically expressed LIN-18ICD predominantly localized to the nucleus in 
pm7 cells. Using RNAi and mutants, we found that par-5/14-3-3 and cam-
1/CAM-1 regulate the nuclear localization of LIN-18ICD. These suggest that 
14-3-3 and Wnt pathway components interact with the intracellular domain of 
LIN-18.  
In addition, we also studied the role of Wnt lipid modification in Wnt 
signaling. Previous studies demonstrated that Wnt lipid modification in the 
conserved cysteine residue is required for Wnt signaling, while the lipid 
modified conserved serine residue is important in Wnt secretion and Wnt-Fz 
interaction. We showed that both LIN-17/Fz and CAM-1/Ror signaling are 
affected by disruption of these two residues. However, LIN-18/Ryk signaling 
requires the conserved cysteine residue, but not the conserved serine residue. 
Moreover, the two key proteins, Porcupine and Wntless, play crucial 
roles in the lipid modification on the conserved serine residue and the Wnt 
secretion process. By genetic analysis of mom-1/Porcupine and mig-
14/Wntless, we found that both LIN-17/Fz and CAM-1/Ror signaling require 
mom-1/Porcupine and mig-14/Wntless. In contrast, LIN-18/Ryk signaling does 
not require mom-1/Porcupine and mig-14/Wntless. Taken together, these 
suggest that the lipid modification on the conserved serine residue is important 
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1.1 Wnt signaling 
 The development of a multicellular organism is driven by a complex 
network of signaling pathways. The function of several families of signaling 
molecules, such as Wnt, Notch, hedgehog and EGF, have been studied 
extensively in past decades and found that they are involved in a wide range of 
developmental processes. Moreover, misregulation of these signaling 
molecules is frequently linked to human diseases. For instance, constitutively 
activated EGFR signaling results in non-small cell lung cancer (Zhang et al., 
2010); deregulation of hedgehog signaling also has been implicated in skin 
cancer development (Li et al., 2011). Therefore, it is important to understand 
the signaling mechanisms that control these developmental processes. 
Wnt is a family of signaling proteins typically described as a secreted 
glycoprotein that regulates various developmental processes. There are no 
defined functional subdomains reported in the Wnt protein, however, a 
number of residues have been identified which undergo posttranslational 
modification (acylation and glycosylation) prior to secretion (Tanaka et al., 
2002; Willert et al., 2003). The role of lipid modification has been studied 
extensively and was shown to be critical in Wnt signaling (See Chapter 1.2). 
The addition of acyl groups causes Wnt protein to be hydrophobic. Partly as a 
result of having hydrophobic properties, purification and characterization of 
functionally active Wnt protein have been difficult. Researchers took almost 
two decades from its discovery to purify the biological active form of a Wnt 
protein (Willert et al., 2003). The first Wnt gene, Wingless (wg), was reported 
in the genetic study of Drosophila wing development (Sharma, 1973). Later in 
1982, the first mammalian Wnt gene, Int1, was identified as an oncogene from 
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the studies of mouse mammary carcinomas (Nusse and Varmus, 1982). 
Rijsewijk et al. (1987) found that Wingless is highly homologous to Int1. 
Therefore, the name “Wnt” was coined from the combination of Wingless and 
Int1 (Rijsewijk et al., 1987). The Wnt protein is highly conserved over 
evolution. Wnt genes are found in human, mouse, zebrafish, Drosophila (flies), 
Xenopus (frogs) and C. elegans (nematodes) genomes. There are nineteen Wnt 
genes in humans and mice, seven in Drosophila and five in C. elegans (van 
Amerongen and Nusse, 2009). 
 In the context of intracellular signal transduction, Wnt is able to trigger 
diverse intracellular effectors in different tissues depending on different 
receptors and intracellular transducers. There are numerous Wnt signaling 
pathways that have been discovered. Traditionally, scientists have classified 
Wnt signaling into canonical and non-canonical pathway based on the ability 
to induce β-catenin/T-cell factor (TCF1) transcription factor activation. The 
canonical Wnt pathway is well studied and β-catenin dependent (Figure 1.1). 
In the absence of Wnt, the cytoplasmic β-catenin is phosphorylated by a 
destruction complex formed by Adenomatous Polyposis Coli (APC), Axin and 
glycogen synthase kinase-3β (GSK-3β). The phosphorylated β-catenin is 
ubiquitinated and subsequently degradation by the proteasome. When Wnt 
binds to the Frizzled (Fz) receptor and the low density lipoprotein (LDL) 
receptor-related protein (LRP6) co-receptor, this stimulates the disassembly of 
the destruction complex. Phosphorylation of Dishevelled (Dvl) and 
recruitment of Axin to the cytoplasmic surface inactivate the destruction 
complex, β-catenin is stabilized and imported into the nucleus. In the nucleus, 
β-catenin acts as a transcriptional coactivator of TCF/LEF (T-cell 
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factor/lymphocyte enhancer factor) to induce transcription of target genes 
(Rao and Kühl, 2010; van Amerongen and Nusse, 2009). The canonical Wnt 
signaling pathway is highly conserved over evolution and is involved in 
regulation of various cellular processes such as cell division during 
angiogenesis (Dejana, 2010). 
In contrast to the canonical Wnt signaling pathway, the non-canonical 
Wnt signaling pathway is a collective term for all Wnt signaling pathways that 
act in a β-catenin independent manner. There are several types of unrelated 
non-canonical Wnt signaling pathways. One of the best studied non-canonical 
Wnt signaling pathways is the planar cell polarity (PCP) pathway. Planar cell 
polarity is a process that generates uniformly polarized cells (polarized 
orthogonal to the apical-basal axis) in a two-dimensional cell sheet (Gao, 
2012). The basic understanding of PCP has been established from extensive 
studies of Drosophila bristle orientation in the wing and orientation of 
ommatidia in the Drosophila compound eye. These lead to the identification 
of PCP core components, namely Frizzled (Fz) (Adler et al., 1997), 
Dishevelled (Dsh) (Theisen et al., 1994), Van Gogh (Vang) (Taylor et al., 
1998), Prickle (Pk) (Gubb et al., 1999), Flamingo (Fmi) (Usui et al., 1999) and 
Diego (Dgo) (Feiguin et al., 2001) in Drosophila. During development of 
planar cell polarity, these core components become asymmetrically distributed 
in each cell. Specifically, Fz, Dsh and Dgo are located in the distal side of the 
cell, whereas Vang and Pk are found in the proximal side of the cell. 
Mutations in PCP components cause randomized hair orientation in 
Drosophila wing. Lately, these PCP core components were revealed to be 
involved in the regulation of a number of processes in different organisms, 
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such as neural tube closure in mammalian development and convergent 
extension during Xenopus embryogenesis (Kibar et al., 2009; Kibar et al., 
2007; Wallingford and Harland, 2001). 
In addition to Frizzled, there are two other known Wnt receptors, 
namely Ryk (related to tyrosine kinase) and Ror (receptor tyrosine kinase-like 
orphan receptor). Among these, the Wnt-Fz signaling mechanism is better 
characterized compared to Wnt-Ryk and Wnt-Ror signaling mechanisms. Fz is 
a seven-pass transmembrane receptor that contains a cysteine-rich domain 
(CRD) in the extracellular compartment, which is required for Wnt binding 
(Dann et al., 2001). Similarly, Ror possesses a cysteine-rich domain (CRD) 
within the extracellular domain, that binds to Wnt. Ryk and Ror are single-
pass transmembrane receptors that belong to the receptor tyrosine kinase 
(RTK) superfamily (Green et al., 2008b). Ryk binds to Wnt via the Wnt 
inhibitory factor (WIF) domain in the extracellular domain (See Chapter 1.3). 
Given the complexity of Wnt signaling, consisting of a large Wnt family, 
multiple receptors, and various intracellular mediators, not all signaling 
mechanisms are fully understood currently.  
Wnt signaling regulates a wide range of developmental processes, such 
as cell proliferation, cell differentiation, cell fate determination, tissue polarity 
and stem cell maintenance (van Amerongen and Nusse, 2009). Knockouts of 
Wnt signaling components in mice cause multiple developmental defects such 
as defects of A-P axis formation before gastrulation (Wnt3) (Liu et al., 1999), 
loss of midbrain and cerebellum (Wnt1) (McMahon and Bradley, 1990), loss 
of hippocampus (Wnt3a) (Lee et al., 2000), truncated limbs (Wnt5a) 
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(Yamaguchi et al., 1999), laterality defects (Wnt3a) (Nakaya et al., 2005), and 
reduction in bone mineral density (Wnt16) (Zheng et al., 2012).  
Because Wnt is an important signal in development, deregulation of 
Wnt signaling also causes developmental defects and diseases in humans. 
Familial adenomatous polyposis (FAP) is an inherited autosomal disease 
characterized by formation of numerous polyps in the colon. Mutations in 
APC were found to be a common cause of this disease. Mutations in APC 
(adenomatous polyposis coli), a negative regulator of Wnt signaling, results in 
constitutive activation of Wnt signaling and leads to uncontrolled epithelial 
cell growth to form polyps (Kinzler et al., 1991). These polyps have a high 
chance of progressing into malignancy.  Moreover, mutations in other Wnt 
signaling components, such as Axin1, have been implicated in hepatocellular 
carcinomas (Satoh et al., 2000). In addition to cancer, mutations affecting Wnt 
signaling cause developmental disorders. Mutations in both LRP5 and Fz4 
receptors were reported in a genetic disorder called familial exudative 
vitreoretinopathy syndrome, which cause defects of blood vessel formation in 
the periphery of the retina (Toomes et al., 2004). Loss-of-function mutations 
of Wnt3 have been shown to cause Tetra Amelia, an uncommon autosomal 









Figure 1.1: The illustration of canonical Wnt signaling pathway 
In the absence of Wnt, β-catenin is phosphorylated by a destruction complex 
formed by APC, Axin and GSK-3β. The phosphorylated β-catenin is 
ubiquitinated and subsequently degraded by the proteasome. Upon Wnt 
binding to Fz and LRP6, Axin and Dvl are phosphorylated, lead to 
disassembly of the destruction complex. Therefore, β-catenin is stabilized and 
imported into the nucleus. In the nucleus, β-catenin binds to TCF to induce 


























1.2 Wnt lipid modification  
 In the early years of investigation into Wnt signaling, researchers were 
more focused on signaling cascades, while relatively little investigation was 
carried out on the Wnt producing cell. More recently, some studies have 
focused on the role of Wnt post-translational modification and the Wnt 
secretion process.  
 Wnt lipid modification was first reported in Willert et al. (2003). With 
a new established protocol, they successfully purified the biologically active 
form of Wnt proteins, including mouse Wnt3a, Drosophila Wnt8, mouse 
Wnt5a and Drosophila wg. By mass spectrometry, they identified the 
acylation of a conserved cysteine residue (C77 in Wnt3a) with a saturated fatty 
acid, palmitic acid (palmitate). Mutation of the conserved cysteine residue 
resulted in the loss of hydrophobicity in the Wnt3a protein. In the test for 
biological functions using L cells, mutation of the conserved cysteine residue 
reduced the Wnt's ability to trigger β-catenin stabilization, but did not affect 
Wnt secretion (Willert et al., 2003). Similar biological function of the 
conserved cysteine residue was shown in chick Wnt1 (Galli et al., 2007) and in 
mouse Wnt5a (Kurayoshi et al., 2007). The importance of lipid modification 
of the conserved cysteine residue is further supported by the C. elegans egl-
20(n585) mutation (Maloof et al., 1999) and the Drosophila (wg
S21
) mutation 
(Couso and Martinez Arias, 1994) which affect the conserved cysteine residue 
and cause loss-of-function phenotypes.  
 Later, Takada et al. (2006) found that the Wnt3a C77 mutant is lipid 
modified, suggesting that there is a second lipid modified residue in addition 
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to the conserved cysteine residue. Using mass spectrometry, the conserved 
serine residue (mouse Wnt3a S209) was identified as the second lipid 
modified residue. The serine residue is lipid modified with a mono-unsaturated 
fatty acid, palmitoleic acid. Interestingly, a mutation in the conserved serine 
inhibits the Wnt secretion process, causing Wnt accumulation in the 
endoplasmic reticulum (ER) (Takada et al., 2006).  The importance of the lipid 
modified serine residue is further supported by Janda et al. (2012). In the 
structure analysis of Xenopus Wnt8 and mouse Fz8CRD complex, the lipid 
modification at the serine residue (S187) was found to be required for the 
interaction of Wnt8 with Fz8 cysteine-rich domain. Surprisingly, the 
conserved cysteine site (C55) was engaged in a disulfide bond formation 
(Janda et al., 2012). 
 Drosophila Porcupine (porc) encodes a multiple-pass membrane-
bound O-acyltransferase (MBOAT) protein located in the endoplasmic 
reticulum. The function of porc in Wnt signaling was first reported by van den 
Heuvel et al. (1993), in which the mutations of porc impair wg signaling by 
accumulating wg proteins in the Wnt-secreting cells (van den Heuvel et al., 
1993). In zebrafish, porc genetically interacts with wnt5b and wnt11 to 
regulate convergent extension (CE) (Chen et al., 2012). CE is a process of 
coordinated extension of anterior-posterior (A-P) axis as the mediolateral axis 
is narrowed during gastrulation. By immunoprecipitation, porc was shown to 
bind with the N-terminus of wg (Tanaka et al., 2002). Overexpression of 
porcupine results in increased Wnt3a palmitoylation (Komekado et al., 2007) 
and increases Wnt hydrophobicity (Galli et al., 2007). Functional knockdown 
of porcupine reduces the acylation of both wild type and cysteine mutant (C77) 
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(Takada et al., 2006). This shows that porc is required for the lipid 
modification of the serine residue, but not the cysteine residue. Recently, Gao 
et al. (2014) found that Porcupine catalyzes Wnt3a palmitoylation at the 
conserved serine residue (S209) (Gao and Hannoush, 2014). 
Wntless (Wls), also known as Evennes interrupted (Evi) or Sprinter, is 
another key regulator of Wnt secretion. Wls encodes a multi-pass 
transmembrane protein which localizes to the Golgi, endosomes, and the 
plasma membrane. In Drosophila, wls is required for wg signaling-mediated 
processes, such as wing development and segment polarization (Bartscherer et 
al., 2006; Bänziger et al., 2006). The knockdown of C. elegans Wntless causes 
phenotypes mimicking mom-2/Wnt mutations (Bänziger et al., 2006). 
Previously, it was shown that mom-1/porcupine, mom-2/Wnt, mom-3/Wls and 
mom-5/Frizzled are required for endoderm induction during C. elegans 
embryogenesis  (Thorpe et al., 1997). During the four cell stage of C. elegans 
embryogenesis, Wnt signal derived from the P2 cell induces its sister, the 
EMS cell to divide into a mesoderm cell (MS) toward the anterior and an 
endoderm cell (E) toward the posterior. Loss-of-function mutations in mom 
genes cause formation of two mesoderm cells. Furthermore, depletion of Wls 
impairs Wnt3a secretion in HEK293T cells, resulting accumulation of Wnt3a 
protein in the cell (Bänziger et al., 2006). Later, Pan et al. (2008) found that C. 
elegans Wntless is regulated by a retromer and clathrin adaptor AP-2. 
Depletion of the retromer causes Wntless accumulation in the intracellular 
compartment, whereas an AP-2 mutation results in Wntless retention in the 
plasma membrane. Both retromer and AP-2 are involved in protein trafficking, 
therefore suggesting both components control Wntless recycling (Pan et al., 
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2008). Together, these suggest that Wls acts as a Wnt sorting receptor during 
the Wnt secretion process. This is further supported by the identification of a 
Wnt-binding site in Wls (Coombs et al., 2010). More recently, it was found 
that Wnt lipidation at the serine residue, but not the cysteine residue, is 
required for Wnt recognition by Wls (Herr and Basler, 2012). 
Lipid modification in Wnt proteins have been shown to be crucial for 
Wnt secretion and Wnt signaling activity. However, lipidation also renders 
Wnt protein insoluble and hydrophobic, with higher affinity toward the cell 
membrane. This affects whether a secreted protein can diffuse freely in the 
extracellular compartment. In the crystal structure study of XWnt8a-FzCRD 
complex, Janda et al. (2012) clearly showed that the acyl chain attached to the 
conserved serine residue interacts directly with FzCRD (Janda et al., 2012). 
Thus, the mechanism of how a hydrophobic Wnt protein is transported to the 
Wnt responsive cell, has emerged as an interesting topic to be solved. One 
possibility is that Wnt binds to cell surface carriers such as heparan sulfate 
proteoglycans (HSPGs) and form a concentration gradient. HSPGs are 
macromolecules formed by a protein core attached to heparan sulfate chains 
(Bernfield et al., 1999). Heparan sulfate is a linear polysaccharide chain that 
found in the extracellular space. Heparan sulfate chains can be synthesized by 
different enzymes (glycosyltransferases, sulfotransferases and epimerase) in 
different cell types. Based on the structure of the core protein, HSPGs are 
classified into three major families, namely glypicans, syndecans and 
perlecans. HSPGs and its biosynthetic enzymes are evolutionarily conserved. 
In fact, in the early biochemical analysis of int-1, Bradley and Brown (1990) 
had shown that the secreted int-1 protein binds to heparin in vitro and has 
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affinity toward the extracellular matrix (Bradley and Brown, 1990). The 
impact of HSPG on Wnt signaling has been reported in Drosophila studies. 
Mutations in HSPG biosynthesis enzymes, sugarless (sgl) and sulfateless (sfl), 
downregulate wg target gene expression and result in phenotypes mimicking 
wg mutations (Häcker et al., 1997; Lin and Perrimon, 1999). Although genetic 
analysis suggests that HSPGs play a role in Wnt signaling, more work is 
required to elucidate the mechanism. Interestingly, other lipid modified 
proteins such as sonic hedgehog also binds to HSPG (Capurro et al., 2008). 
The question of whether lipid modification of Wnt is required for HSPG 
binding remains to be solved. 
 The fact that Wnt is lipid modified appears to be consistent in most of 
the studies. However, exceptions were found in some. For example, 
Drosophila WntD (Wnt Inhibitor of Dorsal) is a key regulator of Toll/Dorsal-
mediated antimicrobial production in innate immune response (Ganguly et al., 
2005; Gordon et al., 2005). Ching et al. (2008) found that WntD lacks the 
conserved serine residue and does not undergo lipid modification. WntD 
secretion and signaling activity are not regulated by porc and wls (Ching et al., 
2008). Another example comes from studies of Drosophila wg mutations. 
Drosophila wg cysteine 93 to alanine mutation (corresponding to Wnt3a C77) 
disturbs wg secretion and signaling activity. In contrast, Drosophila wg serine 
239 to alanine mutation (corresponding to Wnt3a S209) does not affect wg 
secretion, but reduces wg signaling activity  (Franch-Marro et al., 2008). This 
suggests that the role of lipid modification might differ in different Wnt 




1.3 Wnt-Ryk signaling  
Ryk (related to tyrosine kinase) was first cloned and studied by Hovens 
et al. (1992) (Hovens et al., 1992). Ryk belongs to the receptor tyrosine kinase 
(RTK) superfamily. Like other RTK members, Ryk is a single-pass 
transmembrane receptor, consisting of an N-terminal extracellular domain 
(ECD), a transmembrane and a C-terminal intracellular domain (ICD). The 
ECD contains a Wnt Inhibitory Factor (WIF) domain which is responsible for 
Wnt binding. The intracellular domain can be further divided into a serine-rich 
juxtamembrane region (JM) and a kinase domain (KD). Interestingly, the Ryk 
kinase domain was demonstrated to be functionally inactive (kinase dead) due 
to several amino acids substitutions in the catalytic subdomains (Figure 3.1).  
 Like the Wnt family, Ryk is also highly conserved over evolution. Ryk 
orthologs can be found in humans, mice, zebrafish, Drosophila and C. elegans. 
C. elegans LIN-18 (ceLIN-18) and human Ryk (hRyk) proteins share about 27% 
of identical sequence. Specifically, hRyk and ceLIN-18 are highly conserved 
in the WIF domain (27%) and the kinase domain (39%) (Appendix II). 
Although Ryk kinase domain is predicted to be inactive, Halford et al. (2000) 
showed that Ryk is tyrosyl phosphorylated when co-expressed with EphB3 
kinase. Similarly, Ryk is also tyrosyl phosphorylated when co-expressed with 
Src kinase in Drosophila (Wouda et al., 2008). These suggest that Ryk could 
be transphosphorylated by other kinases. All potential conserved 
phosphorylation sites are marked in the sequence (Appendix II). There are two 
conserved tyrosine residues in RykICD. 
 The study of Ryk knockout mice shows that Ryk is crucial for 
development and morphogenesis. Ryk
-/-
 mice exhibit craniofacial defects, 
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shortened limbs and postnatal lethality (Halford et al., 2000). A mutation in 
Ryk has been reported in a human cleft lip genetic study (Watanabe et al., 
2006) and an atypical chronic myeloid leukemia case (Micci et al., 2009). 
Although the Ryk protein is expressed ubiquitously, known functions of Ryk 
are mostly related to neuronal development, such as axonal guidance, neurite 
outgrowth and neurogenesis. Ryk is reported to prevent axon regeneration 
after spinal cord injury in a mouse model (Liu et al., 2008). Injection of Ryk 
antibodies at the injury site promotes axonal regeneration. 
The relation of Ryk and Wnt was first established in Drosophila, 
where wnt5a interacts genetically and physically with derailed (drl)/Ryk to 
regulate axon guidance (Yoshikawa et al., 2003). In C. elegans, lin-17/Fz and 
lin-18/Ryk function redundantly to regulate the polarity of the P7.p cell during 
vulval development  (Inoue et al., 2004) (See Chapter 1.4). In mammalian 
cells, Ryk acts as a Fz coreceptor to form a complex with Dvl, and thereby 
induce neurite outgrowth (Lu et al., 2004). In zebrafish, wnt5b-ryk signaling 
promotes polarized cell protrusion during gastrulation movement (Lin et al., 
2010). 
 Even though it is known that Ryk acts as a Wnt receptor, the 
intracellular mechanism of Wnt-Ryk signaling is not well understood. There 
are several mechanisms which have been demonstrated.  
Due to similar phenotypes observed in Ryk
-/-
 mice and Eph deficient 
mice, interaction between Ryk and Eph was investigated by Halford et al. 
(2000). Like Ryk, the Eph (Ephrin) receptor belongs to the RTK superfamily. 
Eph signaling is required in various cellular processes, such as cell migration 
and axon guidance. By immunoprecipitation, Ryk was shown to interact with 
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Eph. Furthermore, Ryk was phosphorylated when co-expressed with Eph 
(Halford et al., 2000). Subsequently, interaction of Src family kinases and Ryk 
has been shown to mediate chemorepulsive axon guidance in Drosophila 
(Wouda et al., 2008). These demonstrate a mechanism of Ryk signaling that 
involves phosphorylation of Ryk by other kinases, similar to ERBB3 which is 
also a kinase-inactive receptor (Pinkas-Kramarski et al., 1996).  
Second, Ryk transduces signals via interaction with other Wnt 
receptors. In mice, Ryk forms a ternary complex with Fz and Wnt to induce 
neurite outgrowth. Ryk is also required for Dvl binding to Fz upon Wnt 
stimulation (Lu et al., 2004). In Xenopus, Ryk is essential for convergent 
extension (CE) (See Chapter 1.2) during gastrulation. During CE movement, 
endocytosis of Fz and Dishevelled (Dvl) occurs upon Wnt11 stimulation. In 
this context, Ryk promotes the Wnt11-induced internalization of Fz and Dvl 
(Kim et al., 2008). 
Third, Ryk triggers intracellular responses via its intracellular domain. 
Lyu et al., (2008) found that Ryk is cleaved at the transmembrane by γ-
secretase. Following the cleavage, the Ryk intracellular domain (ICD) is 
released into the cytoplasm and imported into the nucleus. The RykICD 
nuclear localization is induced by Wnt3a signaling and is required for neural 
progenitor cell differentiation (Lyu et al., 2008). Subsequently, they found that 
the cdc37/Hsp90 complex stabilizes RykICD in the cytoplasm by preventing 
its degradation (Lyu et al., 2009). cdc37 is a co-chaperone of Hsp90. The 
cdc37/Hsp90 complex is required for stabilization of several protein kinases. 
During neurogenesis in the ventral telencephalon, the differentiated neuronal 
cell types, namely GABAergic neurons and oligodendrocytes, are derived 
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from the multipotent neural progenitor cells (NPCs). Ryk promotes 
GABAergic neuron production while suppressing oligodendrogenesis in the 
ventral telencephalon. Expression of the cleaved intracellular domain of Ryk is 
sufficient to induce GABAergic neuron production (Zhong et al., 2011).  
The cleaved Ryk ICD fragment has been found in other studies. Ryk 
interacts with MIB1 to trigger Wnt/β-catenin signaling.  Mindbomb1 (MIB1) 
encodes an E3 ubiquitin ligase. MIB1 is responsible for Ryk ubiquitination 
and therefore reduces its stability at the plasma membrane. By 
immunoprecipitation, it was shown that MIB1 interacts physically with the 
intracellular domain of Ryk (Berndt et al., 2011). The cleaved RykICD was 
also detected in zebrafish, although its function was not examined (Lin et al., 
2010).   
In addition, Ryk has been implicated in planar cell polarity. Upon 
Wnt5a stimulation, Ryk forms a complex with Vangl2 and stabilizes Vangl2 
protein stability in the cytoplasm (Andre et al., 2012; Macheda et al., 2012). 
Double knockout mice of Ryk and Vangl2 exhibit more severe phenotypes 
than that was observed in Wnt5a
-/-
 mice, such as shortened anterior-posterior 








Figure 1.2: The Ryk signaling mechanisms  
A. Interaction of Ryk with Wnt components. Ryk acts a co-receptor of Fz, to 
mediate Wnt-Fz-Dvl interaction in the canonical Wnt signaling pathway (Lu et 
al., 2004). 
B. Interaction of Ryk with other kinases. In one example, Ryk interacts 
physically with Eph. Ryk is phosphorylated when co-expressed with Eph 
(Halford et al., 2000). 
C. Ryk signals via its intracellular domain. Ryk is cleaved by ϒ-secretase at the 
transmembrane region. Thus, its intracellular domain is released into the 
cytoplasm and stabilized by the CDC37/HSP90 complex. Subsequently, 
RykICD is imported into the nucleus to trigger cellular responses (Lyu et al., 























1.4 The Wnt signaling in Caenorhabditis elegans  
 Caenorhabditis elegans (C. elegans) is a free-living, transparent, non-
parasitic nematode, about 1mm in length. Normally, C. elegans worms are 
found living in the soil environment.  
C. elegans has two sexes, namely hermaphrodites and males, in the 
population. Hermaphrodite worms contain both female and male reproductive 
organs, thus they can self fertilize to produce the next generation. C. elegans 
has a short, three days life cycle. The life cycle is divided into egg, larval stage 
one (L1), larval stage two (L2), larval stage three (L3), larval stage four (L4) 
and the adult. Thus, it is easy to manipulate for laboratory use. 
The use of C. elegans as a genetic model organism for studies of 
development was established by Sydney Brenner, a 2002 Nobel Prize laureate 
in Physiology or Medicine. The basic anatomy of C. elegans and the 
developmental fate of each somatic cell and cell positions were completely 
mapped. The C. elegans genome was completely sequenced by 1998 and 
consists of five pairs of autosomal chromosomes and one pair of sex 
chromosome.  
Like other organisms, Wnt signaling components are also found 
encoded in the C. elegans genome. These includes five Wnts genes (lin-44, 
egl-20, mom-2, cwn-1 and cwn-2) (Herman et al., 1995; Maloof et al., 1999; 
Rocheleau et al., 1997; Shackleford et al., 1993; Thorpe et al., 1997), four 
Frizzled genes (mom-5, cfz-2, mig-1 and lin-17) (Rocheleau et al., 1997; 
Ruvkun and Hobert, 1998; Sawa et al., 1996), a single Ryk gene (lin-18) 
(Inoue et al., 2004), a single Ror gene (cam-1) (Forrester et al., 1999), three 
19 
 
Dishevelled genes (mig-5, dsh-1, dsh-2) (Ruvkun and Hobert, 1998), and a 
single APC gene (apr-1) (Rocheleau et al., 1997). Interestingly, a gene 
encoding the LRP-5/6 ortholog has not been identified in the C. elegans 
genome, suggesting that true canonical Wnt signaling might be absent in C. 
elegans. 
In C. elegans, Wnt signaling have been studied in various 
developmental processes, such as the hermaphrodite-specific neuron (HSN) 
migration, the polarity of seam cell V5, endoderm induction in the embryonic 
four cell stage and the polarity of the P7.p cell in vulva.  
Here, we focus on the polarity of the P7.p cell, which is regulated by 
three Wnt signaling pathways, namely lin-17/Fz, lin-18/Ryk and cam-1/Ror 
signaling. The C. elegans vulva is developed from six vulval precursor cells 
(VPC), namely P3.p-P8.p. During the early third larval stage, the anchor cell 
induces P6.p to adopt the 1° cell fate and undergo cell divisions to generate 
vulE and vulF cell types. The P5.p and P7.p are stimulated to adopt the 2° cell 
fate and divide into vulA, vulB1, vulB2, vulC and vulD cell types (Figure 1.3). 
P3.p, P4.p and P8.p adopt the 3° cell fate. These VPCs divide once to fuse 
with the syncytial hypodermis (Sternberg, 2005). The cell fate induction is 
controlled by a complex signaling network, including Notch, EGF and Wnt 
signaling. This is followed by vulval precursor cell division. 
P5.p and P7.p descendant cells are arranged in a polarized pattern 
(vulA-B-C-D and vulD-C-B-A in the anterior-to-posterior order) to form 
anterior and posterior parts of the vulva. The polarity of P7.p descendents is 
regulated by lin-17/Fz and lin-18/Ryk signaling. Mutations in lin-18/Ryk or 
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lin-17/Fz cause reversed polarity among P7.p descendants, resulting P5.p and 
P7.p daughter cells are arranged in a similar pattern (vulA-B-C-D and vulA-B-
C-D in the anterior-to-posterior order). The morphological defect caused by 
this reversal can be clearly recognized as an ectopic invagination at the 
posterior side of the normal vulva at the fourth larval stage (Inoue et al., 2004; 
Sawa et al., 1996) and known as the posterior-reversed vulval lineage (P-Rvl) 
phenotype. By genetic analysis, mom-2/Wnt and lin-44/Wnt were identified as 
probable Wnt ligands that signal through lin-18/Ryk and lin-17/Fz.  
The signaling network was further elucidated by Green et al. (2008), 
who reported that cam-1/Ror-mediated egl-20/Wnt signaling antagonizes lin-
17/Fz and lin-18/Ryk signaling. Mutations in egl-20 or cam-1 suppress the P-
Rvl phenotype in lin-17/Fz (and also lin-18/Ryk) mutants. The reversal of 
polarity among P5.p descendents (also called the anterior-reversed vulval 
lineage, A-Rvl) was observed in the lin-17; egl-20; lin-18 triple loss-of-
function mutant, indicating that egl-20/Wnt signaling also regulates the 
polarity of P5.p cells. Thus, a model was proposed, in which EGL-20 acts a 
global cue to set up a “ground” polarity of P5.p and P7.p cells facing 
posteriorly, while lin-17/Fz and lin-18/Ryk signaling promote the anterior 
orientation of P7.p cells. This was further supported by the identification of 
Wnt producing cells. The anchor cell serves as a Wnt source to produce 
MOM-2 and LIN-44, while EGL-20 is secreted from an unknown source at the 
tail (Green et al., 2008a). Recently, pak-1/Pak (p21-activated kinase) was 
identified as a novel regulator, functioning redundantly with cam-1 signaling 





Figure 1.3: The vulval development of C. elegans 
There are six VPC cells, namely P3.p-P8.p. During vulval development, the 
anchor cell induces P6.p to adopt the 1° cell fate, P5.p and P7.p to adopt the 2° 
cell fate. After three rounds of cell division, P5.p and P7.p produce vulA, 
vulB1, vulB2, vulC and vulD cell types. P5.p and P7.p descendant cells are 
arranged in a polarized pattern (vulA-B-C-D and vulD-C-B-A). The polarity 
of P7.p descendents is regulated by lin-17/Fz, lin-18/Ryk and cam-1/Ror 
signaling. Mutations in lin-18/Ryk or lin-17/Fz cause the P-Rvl phenotype. 
While disrupted of cam-1/Ror signaling suppresses the P-Rvl phenotype of 


































 All worms were maintained on NGM plates seeded with E. coli OP50 
and kept at 20°C unless specified otherwise. Strains were obtained from the 
Caenorhabditis Genetics Center (CGC). Strains carrying multiple mutations 
were generated by crossing the mutants. Details of strains are listed in Table 
2.1. 
Plasmid construction 
 LIN-18 fragments fused to GFP were expressed under the control of 
lin-18 or myo-2 promoter. The lin-18 promoter used contains about 5 kbp 
sequence upstream of the lin-18 gene. First, a short multiple cloning site (MCS) 
was inserted between the lin-18 promoter and the gfp  coding sequence in the 
plasmid pTI02.1 (Inoue et al., 2004). A short lin-18 promoter fragment was 
PCR amplified using primers TI0014 and TI0013 containing the new MCS 
(Table 2.2). The lin-18 promoter fragment was re-inserted into pTI02.1 with 
SalI and BamHI restriction sites, placing the MCS [HindIII, NheI, MluI and 
BamHI] sites between the lin-18 promoter and the gfp coding sequence. The 
modified plasmid was named as pSYQ10.1. Various LIN-18 fragments 
(Figure 3.1) were generated by RT-PCR and inserted into pSYQ10.1. 
(Construction of pSYQ10.1 and Plin-18::GFP, Plin-18::LIN-18ICD::GFP, 
Plin-18::LIN-18ECD-TM::GFP, Plin-18::LIN-18KD::GFP and Plin-18::LIN-
18FL::GFP were done by Shen Yanqing and Takao Inoue. I constructed all 
other LIN-18 expression plasmids used in this study). All primers are listed in 
Table 2.2. To generate GFP-tagged LIN-18 resistant to cleavage (LIN-18RC), 
the lin-18 transmembrane region (AFFVIICIAAAFLLIVAATLICY) was 
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substituted with human EGFR transmembrane region 
(IATGMVGALLLLLVVALGIGLFM) (Lyu et al., 2008). To generate LIN-
18RC cDNA fragment, the LIN-18 ECD coding region was PCR amplified 
using primers TI0015 and TI0195. This fragment was extended by another 
round of PCR using primer TI0015 and TI0196. The LIN-18 ICD coding 
region was PCR amplified using primers TI0197 and TI0018. Lastly, the LIN-
18RC cDNA was generated by fusion PCR of the LIN-18 ECD and LIN-18 
ICD coding fragments. 
 For expression of GFP-tagged LIN-18ICD and LIN-18KD under the 
control of the myo-2 promoter, the lin-18 promoter (described above) was 
replaced by the myo-2 promoter from L4640 (Addgene plasmid 1662; A. Fire 
et al. pers. comm.). To generate Pmyo-2::gfp control, the lin-18KD coding 
region in Pmyo-2::lin-18KD::gfp was excised with NheI and SmaI restriction 
sites, followed by Klenow fill-in and ligation. For Pmyo-2::lin-18JM::gfp, 
LIN-18JM fragment was PCR amplified (primers TI0016 and TI0114) and 
inserted into Pmyo-2::gfp. For Plin-18::lin-18JM::gfp, the coding region of 
lin-18JM and gfp was excised from Pmyo-2::lin-18JM::gfp (NheI and 
PspOMI restriction sites) and placed into the Plin-18::gfp plasmid. 
For expression of GST tagged LIN-18KD, the coding region of lin-
18KD was excised from a previously made lin-18 cDNA plasmid using XbaI 
and XhoI. The lin-18KD cDNA was then inserted into pGEX-KG with XbaI 
and XhoI. The lin-18 cDNA plasmid was previously made by Shen Yanqing, 
in which the lin-18FL cDNA was PCR amplified (primers TI0015 and TI0018) 
and inserted into pCR-Blunt II-topo vector (Invitrogen). 
25 
 
To test the role of lipid modification, Wnt proteins were expressed 
under the control of the fos-1a promoter. Three C. elegans Wnt proteins, 
MOM-2, LIN-44 and EGL-20, were aligned to Wnt3a (Willert et al., 2003) to 
map the conserved cysteine and serine residues. The conserved cysteine and 
serine residues were substituted with alanine. All mutants cDNA were 
generated by fusion PCR (see Table 2.2) 
To construct Pfos-1a::gfp , the fos-1a promoter was inserted into the 
mnc::gfp vector that was previously made in our laboratory. The mnc::gfp 
vector was modified from the plasmid pPD95_75 (A. Fire et al. pers. comm., 
www.addgene.org), with restriction sites between HindIII and BamHI replaced 
by NheI and MluI sites without affecting the gfp coding region. Because we 
used a large fos-1a upstream region (fos-1a promoter) (~5 kbp), the upstream 
and downstream fragments were PCR amplified separately using primers 
(TI0214/TI0218) and (TI0219/TI0215). The two fragments were ligated at the 
BglII site. Because the fos-1a promoter also contains HindIII sites, the ligated 
fragment was first cloned into the pCR-Blunt II-topo vector (Invitrogen, 
K2820) with EcoRI flanking sites. The upstream EcoRI site of the fos-1a 
promoter fragment and the upstream HindIII site of the mnc::gfp vector were 
blunted with Klenow fill-in. Finally, the fos-1a promoter fragment was 
inserted into the mnc::gfp vector with blunted upstream end and downstream 
MluI site.  
 To express GFP-tagged wild type MOM-2, the cDNA of mom-2 was 
PCR amplified with primers (TI0115 and TI0116) and inserted into Pfos-
1a::gfp. For the GFP tagged MOM-2C80A mutant, the upstream fragment was 
PCR amplified using primers TI0115 and TI0117, while the downstream 
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fragment was PCR amplified using primers TI0118 and TI0116. These 
fragments were joined by fusion PCR to make mom-2C80A cDNA. Similar to 
the mom-2C80A mutant, the mom-2S223A cDNA was made by fusion PCR, in 
which the upstream fragment was PCR amplified using primers TI0115 and 
TI0119, while the downstream fragment was PCR amplified using primers 
TI0120 and TI0116. To construct wild type mom-2, mom-2C80A and mom-
2S223A plasmids (without GFP), the cloned cDNA fragments were PCR 
amplified using primers TI0115 and TI0305 and inserted into the Pfos-1a 
vector with NheI and PspOMI restriction sites.  
 For GFP tagged wild type LIN-44, the lin-44 cDNA was PCR 
amplified with primers TI0257 and TI0258 and inserted into Pfos-1a::gfp. To 
generate lin-44C91A cDNA, the upstream fragment was PCR amplified using 
primers TI0257 and TI0259, while the downstream fragment was PCR 
amplified using primers TI0260 and TI0258, followed by fusion PCR.  For the 
GFP tagged LIN-44S219A mutant, the cDNA was made by fusion PCR. The 
upstream fragment was PCR amplified using primers TI0257 and TI0261, 
while the downstream fragment was PCR amplified using primers TI0262 and 
TI0258. To construct wild type lin-44, lin-44C91A and lin-44S219A plasmids 
(without GFP), the cDNA fragments were generated using primers TI0257 and 
TI0306 and placed into the Pfos-1a vector with NheI and PspOMI restriction 
sites. 
 To generate GFP tagged wild type EGL-20, egl-20 cDNA was PCR 
amplified using primers TI0263 and TI0264 and inserted into the Pfos-1a::gfp 
vector. For egl-20S254A cDNA, the upstream fragment was PCR amplified 
using primers TI0263 and TI0265, while the downstream fragment was PCR 
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amplified using primers TI0266 and TI0264. The egl-20S254A cDNA 
fragment was generated by fusion PCR using these fragments.  




Microinjection and transgenic animals 
 To generate transgenic animals, the expression plasmid and marker 
plasmid were co-injected into worms with appropriate mutations. The standard 
protocol used and principle are described in (Mello and Fire, 1995). Briefly, 
the DNA mixtures were injected into the distal arm of the gonad. The distal 
arm of the gonad is composed of a large volume of cytoplasm that is shared by 
many germ cell nuclei. Uptake of injected DNA into germ cell nuclei results in 
formation of an extrachromosomal array. The marker plasmid (unc-119(+) or 
myo-2::gfp (L4640)) was co-injected to identify progeny that carry the 
extrachromosomal array. 
The equipments used in microinjection include an inverted DIC 
microscope (Olympus IX51), a microinjector (Eppendorf FemtoJet Express) 
and a micromanipulator (Eppendorf PatchMan NP 2). The glass capillaries 
with filament (Narishige GD-1) were pulled using a needle puller (Narishige 
PC-10) to make microinjection needles. 
The concentration of expression plasmids, marker plasmids and the 
strains used are listed in Table 2.3. The mixtures of DNA were prepared as 
described in Table 2.3 and loaded into the microinjection needle. Young adult 
worms were placed on the pre-dried 2% agarose pad and covered with mineral 
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oil. DNA mixtures were injected into the gonad. After injection, worms were 
recovered in M9 buffer and transferred to a new NGM plate. In the next 
generation, worms that carry the extrachromosomal array were isolated. The 
transgenic animals were kept growing until a stable line of transgenic animal 
was obtained. The transgenic lines that carry qwEx8 and qwEx12 were 
generated previously by Takao Inoue. 
Western Blot 
 To investigate whether LIN-18 is cleaved in C. elegans, we used a 
mouse monoclonal anti-GFP antibody (Santa Cruz sc-9996) to detect GFP 
fusion proteins and rabbit serum which contains anti-LIN-18 antibody to 
detect the endogenous LIN-18 protein. The rabbit serum was a gift from 
Professor Paul W. Sternberg’s laboratory (Caltech). 
First, the lysates of wild type and transgenic animals that express GFP-
tagged LIN-18FL, LIN-18RC, LIN-18ICD and LIN-18KD were prepared. 
Three plates of fully grown worms were washed with the S. Basal solution 
three times. Worm pellet was resuspended in 100μl of S. Basal solution. 
Worm suspension was then lysed with 1% of SDS (final concentration). Worm 
suspension was boiled at 100˚C for 10 minutes and centrifuged to collect 
debris. The supernatant was mixed with equal amount of Laemmlli sample 
buffer (BioRad) prepared with 5% β-mercaptoethanol. The samples were then 
used for immunoblot. The standard western blot protocol was used in the 
experiment. For rabbit polyclonal anti-LIN-18, 1:700 dilution of rabbit serum 
and 1:2000 dilution of purified anti-LIN18 antibody were used for primary 
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antibody incubation. For mouse monoclonal anti-GFP antibody, 1:1000 
dilution of the antibody was used in the experiment. 
For Western Blot experiments of C. elegans proteins, worm-specific 
antibodies are sometimes present in the primary or secondary antibodies, and 
can cause high level of background. To reduce non-specific background in the 
blot, worm protein was used as a blocking agent. To prepare worm protein, ten 
plates of mixed stage worms were washed with S. Basal. Worms were 
collected and rinsed with the TBS buffer several times. After removing the 
supernatant, the worm pellet was boiled at 100°C for 1 minute, and then frozen 
at -80°C for 1 hour. 1 ml of methanol was added to the worm pellet and mixed 
vigorously. The worm pellet (visualized as white precipitate) was collected 
and rinsed with the TBST buffer three times. To extract worm proteins, the 
suspension of worms was subjected to the freeze/thaw cycles for ten times 
using liquid nitrogen and a 60°C water bath. Finally, a worm protein solution 
was made by adding 5 ml of the TBST buffer to the worm pellet. 35µl of 1M 
sodium azide was added for preservation. The worm protein solution was kept 
in 4°C for up to several weeks. For mouse monoclonal anti-GFP antibody, 
wild type worms were used to prepare worm protein for blocking, whereas lin-
18(e620) mutant worm protein was used to bock rabbit polyclonal anti-LIN-18 
antibody.  
Antibody purification 
 Because of high background in Western Blot experiments using the 
anti-LIN-18 serum, we attempted to affinity purify anti-LIN-18 antibody. We 
generated the GST-LIN-18KD fusion protein to purify the anti-LIN-18 
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polyclonal antibody in the rabbit serum. To induce expression of the GST 
tagged LIN-18KD fusion protein, the E. coli strain (BL21) carrying the GST-
LIN-18KD plasmid was cultured in 2 ml of LB with carbenicillin at 37˚C for 
18 hours. The bacteria culture was then diluted 10-fold in 4 ml of LB with 
carbenicillin. The bacteria were cultured at 37˚C until the log phase 
(OD600=0.6-0.8). IPTG was then added to the bacteria culture at 1 mM final 
concentration to induce protein expression. After 5-6 hours of induction, the 
bacterial culture was centrifuged. The pellet was washed with PBS buffer 
several times. 
We attempted several different protocols to purify the GST-tagged 
LIN-18 protein, but encountered difficulties as under all conditions tested 
GST-tagged LIN-18 protein formed inclusion bodies. Conditions include 
different lengths of incubation, temperature and IPTG concentration. We also 
attempted isolation of inclusion bodies, resolubilization and refolding, but 
none of the procedures consistently gave a large amount of purified LIN-18 
protein. We tried several small-scale isolation of anti-LIN-18 antibody using 
LIN-18 protein bound to a PVDF membrane (generated as in Western Blot 
experiments). Although the non-specific background was reduced, it could not 
be fully eliminated (data not shown). In these blots, no obvious band 
corresponding to the cleaved LIN-18 was observed. 
RNAi feeding  
 To identify genes that regulate the LIN-18ICD fragment, we knocked 
out candidate genes using RNAi. The standard method was used as described 
(Kamath et al., 2001). 
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NGM plates with a final concentration of 1mM IPTG (Isopropyl β-D-
1-thiogalactopyranoside) and 100µg/ml of carbenicilin were prepared. L4 
stage transgenic worms that express GFP tagged LIN-18ICD and LIN-18KD 
were used in the experiment. Transgenic worms were fed with E. coli (HT115) 
expressing double stranded RNA induced by IPTG. The worms were grown 
with food containing dsRNA expressed by E. coli (HT115) at 25°C for three 
days. L4 stage worms of the next generation were analyzed by microscopy. 
GFP level in the pm7 nucleus was examined. L4440 (empty vector) was used 
as a negative control.  
Phenotype and Microscopy 
For microscopy, worms were placed on 5% agar pad (Yochem, 2006) 
and paralyzed with 10mM levamisole. The phenotype was examined using the 
Nomarski/fluorescence microscope (Olympus BX51).  
The P-Rvl (posterior reversed vulval lineage) phenotype was scored in 
mid-L4 stage worms. The P-Rvl phenotype was recognized with the presence 
of an ectopic invagination located at the posterior side of the normal vulva 
(See Chapter 3, Figure 3.3). However, overinduction of P8.p also causes 
formation of an invagination at the posterior side of the normal vulva. This 
phenotype could be misscored as the P-Rvl phenotype. Thus, to differentiate 
these two phenotypes, the numbers of vulval cells were counted during the 
analysis. (Overinduction results in more vulval cells than P7.p reversal.) 
mom-1 and mig-14 mutants worms were maintained as heterozygotes 
[unc-2(e55) mom-1(or10)/SzT1 and unc-4(e120) mig-14(or78)/mnC1]. With 
the presence of the unc allele, homozygous worms were recognized as 
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uncoordinated worms and used for scoring.  For the lin-44; mom-2 double 
mutant [lin-44; dpy-11(e1180) mom-2(or42)/nT1] which was maintained as 
heterozygote, homozygous worms were identified as dumpy worms and used 
for scoring. 
The GFP level in the pm7 nuclei of transgenic animals that carry 
qwEx8, qwEx110, qwEx12, qwEx26 and qwEx25 was examined. To measure 
the N:C (nucleus: cytoplasm) ratio of the GFP level, images of all strains were 
captured under a constant condition (exposure time and microscopic setting). I 
set 50 milliseconds exposure time for all animals, except for transgenic 
animals that carry qwEx8, I used 300 milliseconds exposure time for imaging.  
Statistical analysis 
 Fisher’s exact test was used to calculate the p-value of categorical data. 








Table 2.1: Strains used in this study 
Strain Genotype Source  
N2 wild type  
MT1306 lin-17(n671)  [CGC] 
ZF1177 lin-17; cam-1 generated in this study 
PS3976 lin-17/hT2; lin-18 [CGC] 
MT5383 lin-44(n1792) [CGC] 
NG2615 cam-1(gm122)  [CGC] 
ZF1172 cam-1;lin-18 generated in this study 
ZF1030 unc-4(e120) mig-14(or78)/mnC1 generated in this study 
 *cam-1 unc-4  mig-14/mnC1 generated in this study 
ZF1031 unc-4  mig-14/mnC1; lin-18 generated in this study 
ZF1053 lin-17; unc-4 mom-3/mnC1 generated in this study 
CZ337 vab-1(dx31) [CGC] 
MT1215 egl-20(n585) [CGC] 
ZF1189 lin-17; egl-20 generated in this study 
 *lin-44; egl-20 generated in this study 
KK299 par-5(it55) unc-22(e66)/nT1 [CGC] 
CB66 unc-22(e66) [CGC] 
ZF1557 lin-17; par-5 unc-22/nT1 generated in this study 
ZF1558 par-5 unc-22/nT1; lin-18 generated in this study 
EU384 dpy-11(e1180) mom-2(or42)/nT1 [CGC] 
ZF1280 lin-44; dpy-11 mom-2/nT1 generated in this study 
PS4259 lin-18(e620) Inoue et al. (2004) 
 *unc-2(e55) mom-1(or10)  generated in this study 
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Strain Genotype Source 
 *unc-2 lin-18 mom-1 generated in this study 
 *cam-1; unc-2 mom-1 generated in this study 
PS3725 unc-119(ed4); syEx421[Plin-18::gfp] Green et al. (2008) 
Transgenic animals generated in this study were listed in Table 2.3. * Strain name has not been assigned. 
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Table 2.2: Primers list  
cDNA Direction Primers   
lin-18 promoter forward TI0014 CCAATTTGTTTCATTTGTTATCCAAAATG 
reverse TI0013 AAGGGGATCCACGCGTGCTAGCAAGCTTATTCGCTGCAAAAAATGAAACAG 
lin-18FL forward TI0015 TTCCGCTAGCATGATTCTTCGCTACCTGATTTTTTTC 
reverse TI0018 TTCCGGATCCGCGATGTATTGACTGAGTTGAATG 
lin-18ECD-TM forward TI0015 TTCCGCTAGCATGATTCTTCGCTACCTGATTTTTTTC 
reverse TI0019 TTCCGGATCCGCGAAATAACAGATCAACGTTGCTG 
lin-18ICD forward TI0016 TTCCGCTAGCATGTGTTATTTCAAGCGCTCTAAAAAAG 
reverse TI0018 TTCCGGATCCGCGATGTATTGACTGAGTTGAATG 
lin-18KD forward TI0017 TTCCGCTAGCATGGCATTGTTACAACTCTATCAAG 
reverse TI0018 TTCCGGATCCGCGATGTATTGACTGAGTTGAATG 
lin-18JM forward TI0015 TTCCGCTAGCATGATTCTTCGCTACCTGATTTTTTTC 
reverse TI0114 TTCCCCCGGGCACGTCTCACGTCAATGTTTCTTGGC 
LIN-18RC (ECD) forward TI0015  TTCCGCTAGCATGATTCTTCGCTACCTGATTTTTTTC 
reverse TI0195 GAGGAGGGCCCCCACCATCCCAGTGGCGATCTTGTCTATTGAGTCAGTGT 
LIN-18RC  forward TI0015  TTCCGCTAGCATGATTCTTCGCTACCTGATTTTTTTC 
(ECD extension) reverse TI0196 GATCCCTAGGGCCACCACCAGCAGCAAGAGGAGGGCCCCCACCATCCC 
LIN-18RC (ICD) forward TI0197 GTGGTGGCCCTAGGGATCGGCCTCTTCATGAAGCGCTCTAAAAAAGAAGA 
reverse TI0018  TTCCGGATCCGCGATGTATTGACTGAGTTGAATG 








    
cDNA Direction Primers   
fos-1a promoter forward TI0214 TTCCAAGCTTTGGGCAGCTGTAAAACGTCTTTAC 
(upstream) reverse TI0238 ATAT AGATCT TTGAAATAAACGCTCGTACTAAATG 
fos-1a promoter forward TI0239 TCAA AGATCT  ATATATCTGCAAAAAACAATAAT 
(downstream) reverse TI0215 TTCCACGCGTTTCTGCAGCCCCGCTAGCTCCACTCTCTTATATAGCAGAGGTGCTGA 
mom-2 wild type forward TI0115 TTCCGCTAGCATGCACATCAACACGCCAGTTCTATTGG 
 reverse TI0116 TTCCCTGCAGCAAACAGTAGTTTCTTTCTACTAACTTC 
mom-2 forward TI0115 TTCCGCTAGCATGCACATCAACACGCCAGTTCTATTGG 
 (without GFP) reverse TI0305 TTCCGGGCCCTTACAAACAGTAGTTTCTTTCTACTAACTTC 
mom-2C80A forward TI0115 TTCCGCTAGCATGCACATCAACACGCCAGTTCTATTGG 
(upstream) reverse TI0117 TGTGTACTCAGCAGTGTGAAGAGCACTTCGAAGTC 
mom-2C80A forward TI0118 TCTTCACACTGCTGAGTACACATTTCAACGAGAAGCA 
(downstream) reverse TI0116 TTCCCTGCAGCAAACAGTAGTTTCTTTCTACTAACTTC 
mom-2S223A forward TI0115 TTCCGCTAGCATGCACATCAACACGCCAGTTCTATTGG 
(upstream) reverse TI0119 CAGCTTCCCGCGACTCCATGACATTTGCATTCT 
mom-2S223A forward TI0120 ATGGAGTCGCGGGAAGCTGTGTCACAAAGACCT 
(downstream) reverse TI0116 TTCCCTGCAGCAAACAGTAGTTTCTTTCTACTAACTTC 
lin-44 wild type forward TI0257 TTCCGCTAGCATGCGAGCAGCTCCTTTTGATTTCTTTTTTC 
 reverse TI0258 TTCCACGCGTTT AAAAATTAGGCTTTTCGGCGGTGTCCCATTAC 
lin-44  forward TI0257 TTCCGCTAGCATGCGAGCAGCTCCTTTTGATTTCTTTTTTC 
 (without GFP) reverse TI0306 TTCC GGGCCCTTAAAAAATTAGGCTTTTCGGCGGTGTCCCATTAC 
    







    
cDNA Direction Primers cDNA 
lin-44C91A forward TI0257 TTCCGCTAGCATGCGAGCAGCTCCTTTTGATTTCTTTTTTC 
(upstream) reverse TI0259  AACGATTCGCAGCGTTTTGAAGTCCTTCCTGAAC 
lin-44C91A forward TI0260  ACTTCAAAACGCTGCGAATCGTTTGAGATTTCAG 
(downstream) reverse TI0258 TTCCACGCGTTT AAAAATTAGGCTTTTCGGCGGTGTCCCATTAC 
lin-44S219A forward TI0257 TTCCGCTAGCATGCGAGCAGCTCCTTTTGATTTCTTTTTTC 
(upstream) reverse TI0261 GACAAGAACCGGCTACTCCGTGGCATTTGCAGG 
lin-44S219A forward TI0262 CCACGGAGTAGCCGGTTCTTGTCAACAGAAAAC 
(downstream) reverse TI0258 TTCCACGCGTTT AAAAATTAGGCTTTTCGGCGGTGTCCCATTAC 
egl-20 wild type forward TI0263  TTCCGCTAGCATGCAATTTTTCATTTGCCTGATTTTTC 
  reverse TI0264 TTCC ACGCGTTT TTTGCATGTATGTACTGCAACTTCTTCG 
egl-20S254A forward TI0263  TTCCGCTAGCATGCAATTTTTCATTTGCCTGATTTTTC 
(upstream) reverse TI0265 CATGAACCAGCTACTCCATGACAACGACATTG 
egl-20S254A forward TI0266 ATGGAGTAGCTGGTTCATGTGAATTCAAAAC 











Transgene/Extrachromosomal array (qwEx) Mutant background plasmid concentration Rescue marker 
(ng/µl) 
 qwEx8[Plin-18::lin-18ICD::gfp]  unc-119(ed4) 20 unc-119(+) 
 qwEx12[Plin-18::lin-18KD::gfp]  unc-119(ed4) 20 unc-119(+) 
 qwEx51[Plin-18::lin-18FL::gfp]  unc-119(ed4) 20 unc-119(+) 
 qwEx60[Plin-18::lin-18RC::gfp] unc-119(ed4) 20 unc-119(+) 
 qwEx100[Plin-18::lin-18JM::gfp] unc-119(ed4) 50 unc-119(+) 
 qwEx109[Plin-18::lin-18ECD-TM::gfp] unc-119(ed4) 20 unc-119(+) 
 qwEx110[Plin-18::lin-18ICD::gfp]  unc-119(ed4) 50 unc-119(+) 
 qwEx111[Plin-18::lin-18FL::gfp] unc-119(ed4) 50 unc-119(+) 
 qwEx114[Plin-18::lin-18RC::gfp] unc-119(ed4) 50 unc-119(+) 
 qwEx115[Plin-18::gfp] unc-119(ed4) 50 unc-119(+) 
qwEx27[Pmyo-2::gfp] unc-119(ed4) 5 unc-119(+) 
qwEx25[Pmyo-2::lin-18ICD::gfp] unc-119(ed4) 5 unc-119(+) 
qwEx26[Pmyo-2::lin-18KD::gfp] unc-119(ed4) 5 unc-119(+) 
qwEx36[Pmyo-2::lin-18JM::gfp] unc-119(ed4) 5 unc-119(+) 
qwEx[Pfos-1a::mom-2::gfp] lin-44(n1792);dpy-11(e1180) mom-2(or42) /nT1 50 L4640 
qwEx[Pfos-1a::mom-2C80A::gfp] lin-44(n1792) 50 L4640 
qwEx[Pfos-1a::mom-2S223A::gfp] lin-44(n1792) 50 L4640 
  
 










    (ng/µl)  
qwEx[Pfos-1a::lin-44::gfp] lin-44(n1792) 50 L4640 
qwEx[Pfos-1a::lin-44C91A::gfp] lin-44(n1792) 50 L4640 
qwEx[Pfos-1a::lin-44S219A::gfp] lin-44(n1792) 50 L4640 
qwEx[Pfos-1a::gfp] lin-44(n1792) 50 L4640 
qwEx[Pfos-1a::mom-2] lin-44(n1792);dpy-11(e1180) mom-2(or42)/nT1 20 L4640 
qwEx[Pfos-1a::mom-2C80A] lin-44(n1792);dpy-11(e1180) mom-2(or42)/nT1 20 L4640 
qwEx[Pfos-1a::mom-2S223A] lin-44(n1792);dpy-11(e1180) mom-2(or42)/nT1 20 L4640 
qwEx[Pfos-1a::lin-44] lin-44(n1792);dpy-11(e1180) mom-2(or42)/nT1 20 L4640 
qwEx[Pfos-1a::lin-44C91A] lin-44(n1792);dpy-11(e1180) mom-2(or42)/nT1 20 L4640 
qwEx[Pfos-1a::lin-44S219A] lin-44(n1792);dpy-11(e1180) mom-2(or42)/nT1 20 L4640 
qwEx[Pfos-1a::egl-20::gfp] lin-17(n671);egl-20(n585) 50 L4640 
qwEx[Pfos-1a::egl-20S254A::gfp] lin-17(n671);egl-20(n585) 50 L4640 
L4640 (Addgene plasmid 1662) expresses GFP under the control of the myo-2 promoter. Array names for Wnt lipid modification experiment 










Chapter 3: The analysis of Ryk intracellular domain  














 Ryk, Ror and Fz are the three known Wnt receptors. Among the three, 
the mechanism of the Wnt-Ryk signaling is not well understood. Given that 
Ryk possesses an “inactive” kinase domain, the question of how Ryk triggers 
intracellular signaling cascades becomes a fundamental problem.  
 There are two major proposed mechanisms that involve Ryk 
intracellular domain interaction. First, Ryk transduces intracellular signals via 
interaction with other kinases, such as Eph (Halford et al., 2000) and Src 
kinase family (Wouda et al., 2008). Second, Ryk can be cleaved at the 
transmembrane region, and consequently the intracellular domain is released 
into the cytoplasm. The Ryk intracellular domain enters the nucleus and 
induces cellular responses (Lyu et al., 2008). 
 In this study, we were interested in the function of Ryk intracellular 
domain in C. elegans. In C. elegans, lin-18 encodes the sole Ryk ortholog. In 
the C. elegans vulva, the descendents of P5.p and P7.p cells are arranged in a 
symmetrical pattern to form the anterior and the posterior parts of the vulva 
(see Chapter 1.4). Previous studies found that mutations in lin-18 or lin-17 (Fz) 
cause the P-Rvl phenotype in C. elegans. The P-Rvl phenotype is caused by 
reversed polarity of the P7.p cells, and can be physically recognized as an 
ectopic invagination at the posterior side of the normal vulva at larval stage 
four (Figure 3.3). Interestingly, Inoue et al. (2004) found that the intracellular 
domain of LIN-18 is probably not required for signaling. Subsequently, Green 
et al. (2008) found that mutations in cam-1 suppress the P-Rvl phenotype of 
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lin-18 or lin-17 loss-of-function mutants, suggesting that cam-1 signaling 
antagonizes lin-18 and lin-17 signaling. 
To test the function of various LIN-18 domains, we generated 
transgenic animals that express various GFP tagged LIN-18 fragments (Figure 
3.1). The expression of the LIN-18 fusion protein was driven by the lin-18 
promoter or the myo-2 promoter. We crossed the transgenes into various 
mutant backgrounds (lin-18, lin-17, cam-1 and double mutants) and examined 
their effects on the P-Rvl phenotype. We also examined the subcellular 
localization of LIN-18 fusion proteins. Finally, we used the RNAi feeding 
approach, an established method for C. elegans, to identify regulators of the 
LIN-18 intracellular domain.  
In addition, we investigated whether LIN-18 is cleaved in C. elegans. 
We performed Western blots to try to detect the cleaved LIN-18 intracellular 






























Figure 3.1: LIN-18 fusion protein tested in this study 
LIN-18/Ryk protein can be divided into the extracellular domain (ECD), a 
transmembrane region and the intracellular domain (ICD). The ECD contains 
the Wnt Inhibitory Factor (WIF) domain that is responsible for Wnt-binding. 
The ICD can be subdivided into a serine rich juxtamembrane region (JM), an 
“inactive” kinase domain, and a PDZ-binding site. There is a putative cleavage 
site located in the transmembrane region. In this study, the GFP-tagged LIN-
18 fragments were expressed in C. elegans. The LIN-18RC (resistant to 
cleavage) was designed by replacing the endogenous transmembrane region 















3.2 Results  
The effect of LIN-18 fragment overexpression on the polarity of P7.p  
 To understand the role of lin-18 domains in signaling, transgenic 
animals that express various GFP-tagged LIN-18 fragments (corresponding to 
different domains, Figure 3.1), namely LIN-18FL, LIN-18ECD-TM, LIN-
18ICD, LIN-18KD, LIN-18JM, and LIN-18RC, were generated. To test 
whether cleavage is required for lin-18 signaling, we also generated animals 
that express LIN-18RC (resistant to cleavage), in which the LIN-18 
transmembrane region is substituted with the human EGFR transmembrane 
region that is non-cleavable (See Chapter 2). LIN-18 fusion protein expression 
was driven by the lin-18 promoter. The effect of each LIN-18 fragment was 
tested in the wild type, lin-18, lin-17, cam-1 and double mutant backgrounds. 
 Previously, Inoue et al. (2004) showed that overexpression of LIN-
18ECD-TM is sufficient to rescue the P-Rvl phenotype of the lin-18 loss-of-
function mutant (Inoue et al., 2004). We found a consistent result, in which 
overexpression of the LIN-18ECD-TM significantly rescued the P-Rvl 
phenotype of the lin-18 loss-of-function mutant. The strength of the rescue 
was similar between LIN-18ECD-TM and LIN-18FL overexpression (5% P-
Rvl, Figure 3.2 and Table 3.1). Moreover, overexpression of LIN-18RC also 
significantly rescued the P-Rvl phenotype of the lin-18 loss-of-function mutant. 
Similar outcomes were observed when these fragments were overexpressed in 
the cam-1; lin-18 loss-of-function double mutants. These results suggest that 




 Interestingly, we found that overexpression of LIN-18FL, LIN-
18ECD-TM and LIN-18RC (i.e. fragments that contain the WIF domain) 
enhanced the P-Rvl phenotype of lin-17 loss-of-function mutants. The 
enhancement of the P-Rvl phenotype, caused by overexpression of LIN-18FL, 
LIN-18ECD and LIN-18RC, was also observed in the lin-17; cam-1 loss-of-
function double mutant background (Figure 3.2 and Table 3.1). It could not be 
determined whether LIN-18FL and LIN-18ECD-TM enhanced the phenotype 
of the lin-17; lin-18 double mutant since the double mutant exhibits 100% P-
Rvl phenotype already. However, LIN-18FL and LIN-18ECD-TM did not 
obviously rescue the phenotype of the lin-17; lin-18 double mutant. 
 Summarizing these results, in the presence of wild-type lin-17, namely 
in lin-18 and cam-1; lin-18 loss-of-function mutants, the WIF domain 
containing LIN-18 fragments rescued the P-Rvl phenotype. In contrast, when 
lin-17 was mutated, namely lin-17, lin-17; cam-1, and lin-17; lin-18 loss-of-
function mutants, the WIF domain containing LIN-18 fragments did not rescue, 
but enhanced the P-Rvl phenotype. This suggests that the WIF domain 
containing LIN-18 fragments may act through LIN-17/Fz to regulate P7.p 
polarity.  
 As for fragments of the LIN-18 intracellular domain, overexpression of 
LIN-18ICD did not rescue, but enhanced the P-Rvl phenotype of lin-18 and 
cam-1; lin-18 loss-of-function mutants (Figure 3.2 and Table 3.1). Similar 
enhancement of the P-Rvl phenotype was observed with the overexpression of 
LIN-18JM, but not the LIN-18KD. This suggests that overexpression of the 





Figure 3.2: The effect of overexpressing LIN-18 fragments in different 
mutant backgrounds 
The percentages of animals showing the P7.p reversed phenotype in different 
mutants are presented. LIN-18 fragments were expressed in various mutant 
backgrounds. Transgenes are indicated with qwEx. (*p-value <.05, **p-value 
<.0001, calculated using Fisher's exact test for the frequency of P-Rvl and AP-
Rvl for comparisons against corresponding non-transgenic animals). The total 




Figure 3.3: Nomarski images of the C. elegans vulva at L4 stage  
Nomarski images of the C. elegans vulva at L4 stage in wild type, lin-17(n671) 
and lin-18(e620) animals are shown. In lin-17(n671) and lin-18(e620), there is 
an invagination formed at the posterior site to the normal vulva (white arrows), 




Table 3.1: The effect of LIN-18 fragments on the polarity of P5.p and P7.p cells
Genotypes Transgenes Phenotypes n *p-value 
%A-Rvl %P-Rvl %AP-Rvl 
wild type  0 0 0 110  
wild type qwEx111[Plin-18::lin-18FL::gfp] 0 1 0 113 1.0000 
wild type qwEx60[Plin-18::lin-18RC::gfp] 0 0 0 102 1.0000 
wild type qwEx109[Plin-18::lin-18ECD-TM::gfp] 0 0 0 120 1.0000 
wild type qwEx8[Plin-18::lin-18ICD::gfp] 0 0 0 80 1.0000 
wild type qwEx110[Plin-18::lin-18ICD::gfp] 0 0 0 117 1.0000 
wild type qwEx12[Plin-18::lin-18KD::gfp] 0 0 0 101 1.0000 
wild type qwEx100[Plin-18::lin-18JM::gfp] 0 0 0 102 1.0000 
cam-1(gm122)  1 0 1 109  
cam-1(gm122) qwEx111[Plin-18::lin-18FL::gfp] 0 5 0 59 0.1249 
cam-1(gm122) qwEx60[Plin-18::lin-18RC::gfp] 0 3 0 60 0.2874 
cam-1(gm122) qwEx109[Plin-18::lin-18ECD-TM::gfp] 0 1 0 100 1.0000 
cam-1(gm122) qwEx110[Plin-18::lin-18ICD::gfp] 0 5 0 63 0.1399 
cam-1(gm122) qwEx100[Plin-18::lin-18JM::gfp] 0 1 0 159 1.0000 
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Table 3.1: The effect of LIN-18 fragments in the polarity of P5.p and P7.p cells (continued)
Genotypes Transgenes Phenotypes n *p-value 
%A-Rvl %P-Rvl %AP-Rvl 
lin-18(e620)  0 44 0 209  
lin-18(e620) qwEx51[Plin-18::lin-18FL::gfp] 0 5 0 110 <.0001 
lin-18(e620) qwEx111[Plin-18::lin-18FL::gfp] 0 10 0 87 <.0001 
lin-18(e620) qwEx60[Plin-18::lin-18RC::gfp] 0 17 0 64 0.0001 
lin-18(e620) qwEx114[Plin-18::lin-18RC::gfp] 0 17 0 102 <.0001 
lin-18(e620) qwEx109[Plin-18::lin-18ECD-TM::gfp] 0 5 0 73 <.0001 
lin-18(e620) qwEx8[Plin-18::lin-18ICD::gfp] 0 65 0 63 0.0038 
lin-18(e620) qwEx110[Plin-18::lin-18ICD::gfp] 0 63 0 106 0.0012 
lin-18(e620) qwEx12[Plin-18::lin-18KD::gfp] 0 45 0 193 0.7641 
lin-18(e620) qwEx100[Plin-18::lin-18JM::gfp] 0 68 0 155 <.0001 
cam-1; lin-18  2 23 0 154  
cam-1; lin-18 qwEx111[Plin-18::lin-18FL::gfp] 0 4 0 101 <.0001 
cam-1; lin-18 qwEx60[Plin-18::lin-18RC::gfp] 0 9 0 102 0.0039 
cam-1; lin-18 qwEx109[Plin-18::lin-18ECD-TM::gfp] 0 0 0 110 <.0001 
cam-1; lin-18 qwEx110[Plin-18::lin-18ICD::gfp] 0 37 0 156 0.0064 
cam-1; lin-18 qwEx100[Plin-18::lin-18JM::gfp] 6 31 7 94 0.0095 
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Table 3.1: The effect of LIN-18 fragments in the polarity of P5.p and P7.p cells (continued) 
 
Fisher’s exact test was used. *p-value was calculated for the P-Rvl and AP-Rvl phenotype compared to the corresponding non-
transgenic animals. All animals were kept at 25˚C prior examination. The P-Rvl, A-Rvl and AP-Rvl were described in Chapter 1.4, 
Figure 1.3. 
 
Genotypes Transgenes Phenotypes n *p-value 
%A-Rvl %P-Rvl %AP-Rvl 
lin-17(n671)  0 77 0 202  
lin-17(n671) qwEx111[Plin-18::lin-18FL::gfp] 0 95 0 106 <.0001 
lin-17(n671) qwEx60[Plin-18::lin-18RC::gfp] 0 90 0 103 0.0049 
lin-17(n671) qwEx109[Plin-18::lin-18ECD-TM::gfp] 0 100 0 198 <.0001 
lin-17(n671) qwEx110[Plin-18::lin-18ICD::gfp] 0 83 0 156 0.1837 
lin-17(n671) qwEx100[Plin-18::lin-18JM::gfp] 0 87 0 100 0.0461 
lin-17; cam-1  1 44 5 170  
lin-17; cam-1 qwEx111[Plin-18::lin-18FL::gfp] 1 84 1 144 <.0001 
lin-17; cam-1 qwEx60[Plin-18::lin-18RC::gfp] 0 77 2 110 <.0001 
lin-17; cam-1 qwEx109[Plin-18::lin-18ECD-TM::gfp] 0 89 2 103 <.0001 
lin-17; cam-1 qwEx110[Plin-18::lin-18ICD::gfp] 1 46 1 121 0.8123 
lin-17; lin-18  0 100 0 26  
lin-17; lin-18 qwEx111[Plin-18::lin-18FL::gfp] 0 99 0 100 1.0000 
lin-17; lin-18 qwEx109 [Plin-18::lin-18ECD-TM::gfp] 0 100 0 100 1.0000 
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Nuclear localization of the LIN-18 ICD fragment 
 Lyu et al. (2008) showed that the cleaved RykICD is localized to the 
nucleus to promote neurite outgrowth of neural progenitor cells. Thus, we 
studied the subcellular localization of LIN-18 fragments in C. elegans. Using 
gfp reporters, we found lin-18 expression in neurons and vulval precursor cells, 
which is consistent with previous studies. In addition, we found that lin-18 is 
also expressed in pm7 pharyngeal muscle cells. The pm7 cells are located in 
the terminal bulb of the pharynx as illustrated in Figure 3.4A. pm7 cells are 
large and its nucleus can be clearly seen. Thus, subcellular localization of 
LIN-18 fragments was examined in pm7 cells. To further analyze the 
subcellular localization of LIN-18 fragments in pm7 cells, we also generated 
transgenic animals that express LIN-18ICD, LIN-18KD and LIN-18JM under 
the control of a pharyngeal muscle specific promoter, myo-2, which is a 
stronger promoter. This produces a more consistent GFP signal in the pharynx 
for visualization. 
We found that LIN-18FL, LIN-18ECD-TM and LIN-18RC were 
mainly present at the plasma membrane, while weak GFP signal was found in 
the cytoplasm and the nucleus (Figure 3.4B).  
In contrast, in transgenic animals that express LIN-18ICD and LIN-
18KD, GFP fluorescence was predominantly found in the nucleus (Figure 
3.4B). However, in transgenic animal that express LIN-18JM, the GFP 
fluorescence level was similar in the cytoplasm and the nucleus (Figure 3.4B). 
Similar subcellular localization of LIN-18ICD, LIN-18KD and LIN-18JM 




To rigorously determine whether LIN-18ICD fragment is nuclear 
localized, we performed a quantitative analysis by measuring the ratio of the 
GFP pixel intensity in the nucleus and the cytoplasm [N:C] (Figure 3.5, Table 
3.2). The analysis (Figure 3.5) showed that LIN-18ICD and LIN-18KD were 
enriched in the nucleus compared to LIN-18JM and the GFP protein. This 
suggests that like mammalian RykICD, the LIN-18ICD fragment is 
concentrated in the nucleus. However, LIN-18JM was similar to the GFP 
protein, indicating that the nuclear localization of the LIN-18 fragment is 




















Figure 3.4: The subcellular localization of LIN-18 fragments in pm7 cells 
A. The illustration of the C. elegans pharynx. There are three pm7 cells in the 
pharynx. Only two pm7 cells (red dashed lines) are shown in the two-
dimensional illustration.  The position of the nucleus is indicated by a green 
dot. 
B. The subcellular localization of LIN-18 fragments expressed under the 
control of the lin-18 promoter. The pm7 nucleus is indicated by a white arrow. 
C. The subcellular localization of LIN-18 fragments expressed under the 






Figure 3.5: The [N:C] ratio analysis of LIN-18ICD nuclear localization. 
Photos of the pm7 cell were taken for transgenic animals that express LIN-
18ICD::GFP, LIN-18KD::GFP, LIN-18JM::GFP and transcriptional GFP 
reporter driven by the lin-18 and the myo-2 promoter. The average of ratio of 
pixel intensity in the nucleus and the cytoplasm [N:C] was calculated. The 
LIN-18ICD and LIN-18KD were significantly enriched in the nucleus, 
compared to GFP. The total number of worms is shown in Table 3.2. Student's 

















Table 3.2: The quantitative analysis of LIN-18 fragments in pm7 cells 
 
This set of data is presented in Figure 3.5. Student's T-test was used. *p-value was calculated by comparing to the GFP reporter control.
Genotypes Fragments The ratio of fluorescence levels in the nucleus and the cytoplasm [N:C]  n *p-value 
Average ± SD 
qwEx110[Plin-18::lin-18ICD::GFP] LIN-18ICD 1.41±.18 50 <.0001 
qwEx12[Plin-18::lin-18KD::GFP] LIN-18KD 1.41±.21 50 <.0001 
qwEx100[Plin-18::lin-18JM::GFP] LIN-18JM 1.16±.10 50 0.1221 
qwEx115[Plin-18::GFP] GFP 1.12±.09 18  
qwEx25[Pmyo-2::lin-18ICD::GFP] LIN-18ICD 1.44±.19 50 <.0001 
qwEx26[Pmyo-2::lin-18KD::GFP] LIN-18KD 1.37±.20 50 <.0001 
qwEx36[Pmyo-2::lin-18JM::GFP] LIN-18JM 1.13±.11 50 0.2228 
qwEx27[Pmyo-2::GFP] GFP 1.10±.12 32  
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Detection of LIN-18ICD fragment in C. elegans 
 Lyu et al. (2008) found that mammalian Ryk is cleaved at the 
transmembrene region and the cleaved Ryk intracellular domain (ICD) is 
released into the cytoplasm. The released RykICD enters the nucleus and 
triggers neural progenitor cell differentiation. Moreover, the cleaved form of 
RykICD was also found in zebrafish (Lin et al., 2010). In the P-Rvl rescue 
experiment, we showed that LIN-18 cleavage is not essential for lin-18 
signaling, which could be specific for lin-18 signaling in the polarity of P7.p 
cells. It is possible that the mechanism of lin-18 signaling differs in different 
tissues.  
Hence, we tested for the presence of the LIN-18ICD fragment in the 
whole worm protein extract. The anti-LIN-18 rabbit serum was obtained from 
Professor Paul W. Sternberg’s Lab (Caltech). By western blot experiments, the 
LIN-18ICD fragment was not detected using the rabbit serum or the purified 
antibody (Materials and Methods).  
Therefore, we used an anti-GFP antibody to detect the LIN-18ICD 
fragment in transgenic animals. We compared worms expressing the LIN-
18FL protein with worms expressing LIN-18RC protein and found no obvious 
band corresponding to the cleaved LIN-18ICD fragment (Figure 3.6). These 
results suggest that either the C. elegans Ryk is not cleaved or the ICD 







Figure 3.6: Western Blot of LIN-18 fusion proteins 
Western blot was performed using anti-GFP antibody. Transgenic animals that 
express LIN-18FL::GFP, LIN-18ICD::GFP, LIN-18KD::GFP, LIN-
18RC::GFP and GFP were tested. No obvious band corresponding to the 



















Identification of possible regulators of LIN-18ICD 
To understand the mechanism of Ryk-triggered intracellular signaling 
cascade, we hoped to identify components that interact with the intracellular 
domain of Ryk. The LIN-18ICD fragment was not detected in the Western 
blot experiment, suggesting that LIN-18 may not be cleaved in C. elegans. 
However, we found that the LIN-18ICD fragment has the tendency to localize 
to the nucleus, which may indicate an interaction of LIN-18ICD with specific 
proteins in the nucleus. Given that LIN-18 is homologous to mammalian Ryk, 
we hypothesize that components that interact with the intracellular domain of 
LIN-18 may also interact with the mammalian Ryk intracellular domain. 
To identify proteins that interact with LIN-18ICD, we used RNAi to 
disrupt candidate genes in transgenic animals that express GFP tagged LIN-
18ICD under the control of the lin-18 promoter (LIN-18ICD::GFP). The 
effects on the LIN-18ICD::GFP nuclear level in pm7 cells was examined. First, 
we performed a LIN-18ICD nuclear level analysis by observing whether the 
nuclear level of LIN-18ICD::GFP was reduced by RNAi knockdown of 
candidate genes. Second, to specifically address whether the LIN-18ICD::GFP 
nuclear localization is regulated by the candidate gene, a quantitative analysis 
was performed by comparing the GFP pixel intensity in the nucleus and the 
cytoplasm of pm7 cells, which we referred to as the N:C [nucleus : cytoplasm] 
ratio. 
Furthermore, to confirm that reduction of LIN-18ICD::GFP nuclear 
level is not due to suppression of lin-18 promoter activity by RNAi, we also 
performed the experiments using transgenic animals that express the GFP 
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protein by itself under the control of the lin-18 promoter and transgenic 
animals that express LIN-18ICD::GFP driven by the myo-2 promoter. 
Lyu et al. (2009) found that CDC37/Hsp90 complex is required for 
RykICD stabilization in the cytoplasm (Lyu et al., 2009). CDC37 acts a co-
chaperone of Hsp90 to assists proteins folding, stabilization and complex 
formation (Picard, 2002). We tested the RNAi knockdown of cdc-37/CDC37 
in transgenic animals that express LIN-18ICD::GFP and found that LIN-
18ICD::GFP nuclear level is significantly reduced in both analyses (Figure 3.7, 
3.8A, B and Table 3.3, 3.6). A similar reduction was observed in transgenic 
animals that express LIN-18ICD::GFP driven by the myo-2 promoter, whereas 
no changes were observed in transgenic animals that express the GFP protein 
(Table 3.5 and 3.6). This indicates that CDC-37 regulates LIN-18ICD in C. 
elegans. Like mammals, CDC-37 may function to stabilize LIN-18ICD 
proteins and promote its nuclear localization. 
Next, we also investigated the effect of RNAi against some protein 
kinases on the nuclear level of LIN-18ICD::GFP. However, no obvious effect 
was observed (Table 3.3). Since, the interaction of Ryk and Eph was shown 
previously (Halford et al., 2000). We tested whether a mutation in vab-1/Eph 
kinase regulates LIN-18ICD::GFP nuclear localization, however, no obvious 







Table 3.3: The effect of feeding RNAi on the nuclear level of LIN-18ICD driven by the lin-18 and the myo-2 promoters
Transgenic animals RNAi Protein orthologs % animals with high level of LIN-
18ICD::GFP in the pm7 nucleus 
n *p-value 
qw8[Plin-18::lin-18ICD::gfp] L4440  77 205  
  GFP  47 107 <.0001 
  cdc-37 CDC37 49 67 <.0001 
  cam-1 ROR 66 105 0.0417 
  mom-2 Wnt 53 32 0.0082 
  egl-20 Wnt 54 50 0.0023 
  cwn-1 Wnt 76 50 0.8534 
  cwn-2 Wnt 64 55 0.0556 
  lin-44 Wnt 72 50 0.4627 
  apr-1 APC 37 54 <.0001 
  pry-1 Axin 66 53 0.1114 
  dsh-2 Dishevelled 47 109 <.0001 
  mig-5 Dishevelled 49 104 <.0001 
  dsh-1 Dishevelled 59 56 0.0102 
  par-5 14-3-3 32 34 <.0001 
  ftt-2 14-3-3 78 50 1.0000 
  smn-1 SMN 51 90 <.0001 
  smn-1 SMN 49 45 0.0004 
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Table 3.3: The effect of feeding RNAi on the nuclear level of LIN-18ICD driven by the lin-18 and the myo-2 promoters (continued) 




Transgenic animals RNAi Protein 
orthologs 
% animals with high level of LIN-
18ICD::GFP in the pm7 nucleus 
n *p-value 
qw8[Plin-18::lin-18ICD::gfp] sta-1 STAT 77 56 1.0000 
  sma-6 TGF-β receptor 81 52 0.7090 
  kin-32 PTK2/PTK2B 84 50 0.3410 
  pik-1 Pelle/IRAK 73 51 0.5817 
  ddr-2 DDR1/DDR2 90 51 0.0501 
qw25[Pmyo-2::lin-18ICD::gfp] L4440   98 99  
  GFP  61 100 <.0001 
 cdc-37 CDC37 84 95 0.0007 
 cam-1 ROR 98 50 1.0000 
 par-5 14-3-3 81 47 0.0007 
 ftt-2 14-3-3 100 34 1.0000 
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Table 3.4: The effect of feeding RNAi on the nuclear level of LIN-18KD driven by the lin-18 promoter 
Transgenic animals RNAi Protein 
orthologs 
% animals with high level of LIN-
18KD::GFP in the pm7 nucleus 
n *p-
value 
qw12[Plin-18::lin-18KD::gfp] L4440  84 51   
 GFP  54 81 0.0004 
 par-5 14-3-3 55 75 0.0005 
 smn-1 SMN 40 50 <.0001 
 smn-1 SMN 55 51 0.0023 











Table 3.5: The effect of feeding RNAi on the GFP reporter driven by the lin-18 promoter 
Transgenic animals RNAi Protein 
orthologs 
% animals with high level of GFP 
reporter in the pm7 nucleus 
n *p-value 
syEx421[Plin-18::GFP] L4440   93 107  
 GFP   60 108 <.0001  
 cdc-37 CDC37 95 40 0.7287 
 cam-1 ROR 96 55 0.4968 
 mom-2 WNT 92 53 1.0000 
 egl-20 WNT 93 55 1.0000 
 mig-5 Dishevelled 91 54 0.7622 
 dsh-2 Dishevelled 91 54 0.7622 
 par-5 14-3-3 86 74 0.2114 
 smn-1 SMN 95 42 0.7258 
 smn-1 SMN 95 37 1.0000 








Table 3.6: The effect of RNAi on the [N:C] ratio of LIN-18 fragments in pm7 cells 
 
Transgenic animals RNAi Protein orthologs Average of [N:C] ± SD n *p-value 
qwEx8[Plin-18::lin-18ICD::gfp] vector  1.12±.12 79  
 GFP  1.06±.11 50 0.0078 
 cdc-37 CDC37 1.07±.11 48 0.0266 
 dsh-2 Dishevelled 1.06±.09 49 0.0039 
 mom-2 WNT 1.06±.10 56 0.0053 
 mig-5 Dishevelled 1.03±.05 42 <.0001 
 par-5 14-3-3 1.04±.11 25 0.0044 
qwEx110[Plin-18::lin-18ICD::gfp] vector  1.35±.14 39  
 GFP  1.24±.19 43 0.0027 
 cdc-37 CDC37 1.19±.18 28 0.0003 
 dsh-2 Dishevelled 1.25±.15 34 0.0048 
 mom-2 WNT 1.19±.15 19 0.0005 








Table 3.6: The effect of RNAi on the [N:C] ratio of LIN-18 fragments in pm7 cells (continued) 
Transgenic animals RNAi Protein 
orthologs 
Average of [N:C] ± SD n *p-value 
qwEx25[Pmyo-2::lin-18ICD::gfp] vector  1.45±.19 44  
 GFP  1.26±.28 40 0.0004 
 cdc-37 CDC37 1.30±.18 43 0.0002 
 par-5 14-3-3 1.30±.18 33 0.0006 
 cam-1 ROR 1.26±.15 29 <.0001 
qwEx12[Plin-18::lin-18KD::gfp] vector  1.32±.23 50  
 GFP  1.16±.23 48 0.0010 
 par-5 14-3-3 1.08±.17 26 <.0001 
syEx421[Plin-18::GFP] vector  1.18±.17 30  
 GFP  1.12±.26 30 0.2834 
 cdc-37 CDC37 1.13±.13 32 0.2315 
 par-5 14-3-3 1.10±.14 18 0.0992 
 mom-2 WNT 1.22±.12 28 0.2741 
 egl-20 WNT 1.18±.15 27 0.9764 
 
Except syEx421[Plin-18::GFP], all set of data are presented in Figure 3.7. The average of ratio of fluorescence levels in the nucleus and the 





Figure 3.7: The effect of RNAi on the nuclear/cytoplasmic distribution of 
GFP fluorescence in various transgenic animals 
Each set of RNAi experiment was carried out using different transgenic 
animals, namely qw8, qw110, qw25 and qw12. Photos of the pm7 cell were 
taken for each animal. The microscope setting and the exposure time were 
kept constant. The average of ratio GFP pixel intensity in the nucleus and the 
cytoplasm [N:C] was calculated and compared to the vector control. The total 
number of worms is indicated in Table 3.6. Student's T-test was used.*p<.05, 

















































Figure 3.8: The nuclear level of LIN-18ICD is regulated by par-5 and 
cam-1 
The nuclear level of LIN-18ICD is reduced by cdc-37(RNAi only), par-5 and 
cam-1 in both RNAi knockdown and mutants. The position of nucleus is 
indicated by a white arrow. The microscope setting and exposure time were 
kept constant for each set of experiment (A, B, and C). The images were used 
for semi-quantitative measurement of [N:C] ratio in Figure 3.7, 3.9 and Table 
3.6, 3.8. 
A. RNAi experiment in transgenic animals that express LIN-18ICD::GFP 
under the control the lin-18 promoter. 
B. RNAi experiment in transgenic animals that express LIN-18ICD::GFP 
under the control the myo-2 promoter. 















Wnt signaling components regulate the nuclear level of LIN-18ICD  
Previously, it was shown that Ryk triggers cellular responses by 
interacting with other Wnt components, such as by acting as a Fz co-receptor 
(Lu et al., 2004) and stabilizing the Vangl2 protein in the PCP pathway (Andre 
et al., 2012). Moreover, Wnt3 induces RykICD nuclear localization (Lyu et al., 
2008). Thus, we investigated whether Wnt signaling components regulate the 
nuclear level of LIN-18ICD::GFP.  
In the LIN-18ICD nuclear level analysis, we found that disruption of 
cam-1/Ror, mom-2/Wnt, egl-20/Wnt, apr-1/APC, dsh-1/dishevelled, dsh-
2/dishevelled or mig-5/dishevelled reduced the LIN-18ICD::GFP nuclear level 
in pm7 cells (Table 3.3). However, in the LIN-18ICD nuclear localization 
analysis ([N:C] ratio), only mom-2, cam-1, dsh-2 and mig-5 were shown to 
regulate the nuclear localization of LIN-18ICD::GFP (Table 3.6 and Figure 
3.7). We confirmed that the above observation was not due to the reduced 
activity of the lin-18 promoter by RNAi treatment, by testing transgenic 
animals that express GFP under the control of the lin-18 promoter (Table 3.5 
and 3.6). 
In addition to RNAi knockdown, we also investigated the LIN-
18ICD::GFP nuclear level in the Wnt pathway mutant background (Table 3.7). 
We found that the expression level of LIN-18ICD::GFP was reduced in cam-1 
and egl-20 loss-of-function mutants, but not in lin-44, lin-17 and lin-18 
mutants (Table 3.7). However, in the LIN-18ICD nuclear localization analysis, 
cam-1 mutations, but not egl-20 mutations, caused a significant reduction in 
the [N:C] ratio (Table 3.8 and Figure 3.8C and 3.9). 
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The role of cam-1 in regulating the nuclear level of LIN-18ICD was 
further confirmed by the nuclear localization [N:C] ratio analysis using 
transgenic animals that express LIN-18ICD::GFP driven by the myo-2 
promoter (Table 3.6 and Figure 3.7, 3.8B). 
Taken together, LIN-18ICD nuclear localization may be regulated by 
















Table 3.7: The nuclear level of LIN-18ICD in different mutant backgrounds 
 
The qwEx8[Plin-18::lin-18ICD::gfp] was expressed in different mutant backgrounds. The presence of LIN-18ICD::GFP was examined. For 
par-5 mutants, homozygous progeny of heterozygous parents were assayed. Fisher's exact test was used.*Compared to qwEx8 in the wild-type 
background.  
Genotype Protein orthologs % animals with high level of LIN-18ICD::GFP in the pm7 nucleus n *p-value 
qwEx8[Plin-18::lin-18ICD::gfp]  79 72   
cam-1(gm122); qwEx8 ROR 43 128    <.0001 
egl-20(n585); qwEx8 WNT 50 113    <.0001 
lin-44(n1792); qwEx8 WNT 81 53 0.8249 
lin-18(e620); qwEx8 RYK 81 53 0.8249 
lin-17(n671); qwEx8 Frizzled 78 51 1.0000 
par-5(it55) unc-22(e66); qwEx8 14-3-3 34 32 <.0001 
vab-1(dx31); qwEx8 Eph 68 82 0.1464 
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Table 3.8: The [N:C] ratio of LIN-18ICD in different mutant backgrounds 
This data is presented in Figure 3.9. Students T test was used. *Compared to wild type background. 
a
 adult animals were assayed using a 
different exposure time from the previous set. 
Genotypes Transgenes The ratio of fluorescence levels in the nucleus and the 
cytoplasm [N:C] 
n *p-value 
Average ± SD   
wild type qwEx8[Plin-18::lin-18ICD::GFP] 1.13±.11 62   
cam-1(gm122) qwEx8[Plin-18::lin-18ICD::GFP] 1.04±.06 55 <.0001 
egl-20 (n585) qwEx8[Plin-18::lin-18ICD::GFP] 1.10±.08 49 0.1946 
wild type qwEx110[Plin-18::lin-18ICD::GFP] 1.33±.20 49   
cam-1(gm122) qwEx110[Plin-18::lin-18ICD::GFP] 1.23±.21 53 0.0125 
egl-20 (n585) qwEx110[Plin-18::lin-18ICD::GFP] 1.31±.21 51 0.5011 
par-5 unc-22 qwEx110[Plin-18::lin-18ICD::GFP] 1.17±.11 39 <.0001 
wild type
 a
 qwEx110[Plin-18::lin-18ICD::GFP] 1.24±.18 33   
par-5 unc-22
a





Figure 3.9: The nuclear/cytoplasmic distribution of LIN-18ICD is 
regulated by cam-1 and par-5  
qw8 and qw110 are transgenic animals that express LIN-18ICD::GFP under 
the control of the lin-18 promoter. The qw8 and qw110 were crossed into 
different mutant background. Photos of the pm7 cell were taken for each 
animal. The microscope setting and the exposure time were kept constant.  
The [N:C] ratio was significantly reduced by cam-1 and par-5 mutations. The 
total number of worms is indicated in Table 3.8. Student's T-test was 










PAR-5/14-3-3 regulates the nuclear level of LIN-18ICD 
14-3-3 proteins serve as multifunctional regulatory proteins in the 
cytoplasm. It is ubiquitously expressed and functions in hetero- or homodimer 
forms. 14-3-3 proteins bind to phosphorylated proteins and mediate various 
protein-protein interactions in the cytoplasm and the nucleus. 14-3-3 proteins 
have various functions including determination of the subcellular localization 
of its binding partners (Muslin and Xing, 2000). For example, 14-3-3 proteins 
promote TERT (telomere reverse transcriptase) nuclear localization by 
masking the nuclear export signal (Seimiya et al., 2000). There are two 
orthologs of 14-3-3 found in worm, namely par-5 and ftt-2. In C. elegans, par-
5/14-3-3 is required for the nuclear export of phosphorylated TCF/LEF during 
early embryogenesis (Lo et al., 2004). ftt-2 promotes nuclear export of DAF-
16/FOXO transcription factor (Li et al., 2007). Thus, we hypothesized that 14-
3-3 proteins may interact with and regulate the subcellular distribution of LIN-
18ICD. 
In the analysis of LIN-18ICD nuclear level, we found that disruption of 
par-5/14-3-3 but not ftt-2/14-3-3 significantly reduced the LIN-18ICD::GFP 
level in pm7 cell nuclei (Table 3.3 and 3.7). Similar observation was found for 
LIN-18ICD::GFP expressed under the myo-2 promoter (Table 3.3). In the 
LIN-18ICD nuclear localization analysis, we found that both par-5 RNAi and 
mutants reduced the [N:C] ratio of LIN-18ICD::GFP, suggesting that par-5 
regulates LIN-18ICD nuclear localization (Table 3.6, 3.8 and Figure 3.7, 3.8, 
3.9). RNAi against par-5 did not affect the level of GFP protein expressed 
under the control of the lin-18 promoter, indicating that the effect of par-5 on 
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LIN-18ICD::GFP is not due to suppressed activity of the lin-18 promoter 
(Table 3.5).  
Given that 14-3-3 proteins interact with proteins at the phosphorylated 
serine or threonine residues, we speculated that 14-3-3 proteins interact with 
the juxtamembrane region of LIN-18ICD. To test the hypothesis, we examined 
the nuclear level and enrichment of LIN-18KD::GFP (intracellular domain 
without the juxtamembrane region). However, the nuclear level of LIN-18KD 
was also reduced by par-5/14-3-3 RNAi (Table 3.4), and the level of LIN-
18KD enrichment in the nucleus was reduced by par-5(RNAi) suggesting that 
the juxtamembrane region of LIN-18ICD is not required for the PAR-5 
interaction (Table 3.6 and Figure 3.7). 
In addition, we studied the role of PAR-5/14-3-3 in vulval cells. We 
found no obvious effect on the P7.p polarity in the par-5 loss-of-function 
mutant (Table 3.9). We further looked into whether the par-5 mutation affects 
the P7.p polarity in lin-17 and lin-18 mutant background, however no 
significance changes were observed. This suggests that the interaction of PAR-
5/14-3-3 and LIN-18ICD is not important for vulval function of LIN-18.  
Table 3.9: par-5 mutant and vulval development 
Genotype  %P-Rvl n p-value* 
Wild type 0 110  
unc-22(e66) 0 59  
par-5(it55) unc-22(e66) 0 58 1.0000 
lin-18(e620) 44 209  
par-5(it55) unc-22(e66); lin-18(e620) 49 133 0.3165 
lin-17(n671) 77 202  
lin-17(n671); par-5(it55) unc-22(e66) 84 150 0.1376 
For par-5 mutants, homozygous progeny of heterozygous parents were 
assayed. *Compared to respective single mutant or the wild type. Fisher's 
exact test was used. 
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Interaction of SMN-1/SMN and LIN-18 
In transgenic animals that express LIN-18ICD::GFP, we observed 
three to five spherical puncta about 1.0μm in size in the nucleus of pm7 
(Figure 3.4B and C). Based on the size, structure and the number of puncta, 
we speculated that this puncta could be similar to Cajal bodies.  Cajal bodies 
are spherical nuclear sub-organelles, which consist of small ribonucleoprotein 
particles involved in mRNA splicing or rRNA processing (Lamond and 
Spector, 2003; Matera and Frey, 1998) . The Cajal bodies in mammalian cells 
can be labelled with a marker protein p80/coilin. However, there is no 
p80/coilin ortholog in the C. elegans genome. 
In C. elegans, smn-1 encodes the ortholog of human Survival of Motor 
Neuron protein. The SMN protein functions in the assembly of splicing factors 
and transcriptional regulation (Strasswimmer et al., 1999). SMN has been 
shown to interact with coilin. Thus, we tested whether the nuclear puncta are 
affected by smn-1 RNAi. We found that smn-1 RNAi significantly reduced the 
nuclear level of LIN-18ICD and LIN-18KD, and the puncta were not visible in 
smn-1 RNAi treated animals (Table 3.3 and 3.4). Although we cannot 
conclusively claim that the puncta are Cajal bodies, LIN-18ICD probably 










Alternative mechanisms of lin-18 signaling in the polarity of P7.p 
 lin-18 and lin-17 signal independently to regulate the polarity of P7.p. 
This is supported by several lines of evidence. First, in single mutants, both 
lin-18 and lin-17 mutations cause the P-Rvl phenotype [P-Rvl=77% in lin-
17(n671), whereas P-Rvl=44% in lin-18(e620) Table 3.1]. This P-Rvl 
phenotype is enhanced in the lin-17; lin-18 loss-of-function double mutant (P-
Rvl=100%), indicating that these are two independent pathways. (If they 
function together, enhancement of the phenotype should not be observed in the 
null double mutants.) Moreover, lin-18 and lin-17 preferentially interact with 
different Wnt ligands, namely mom-2 and lin-44 (Inoue et al., 2004) . Taken 
together, lin-18 and lin-17 act independently in normal circumstance.  
 In this study, we found a result consistent with Inoue et al. (2004), in 
which overexpression of the LIN-18ECD-TM fragment is sufficient to rescue 
the P-Rvl phenotype of the lin-18 loss-of-function mutant, indicating that the 
intracellular domain of lin-18 is not required for lin-18 signaling in the vulva. 
This leads to an interesting question. How does LIN-18ECD-TM trigger the 
intracellular signaling cascade without its intracellular domain?  
 Our results suggest an alternative mechanism of lin-18 signaling in the 
regulation of P7.p cells, in which lin-18 may function in a lin-17 dependent 
manner. In the absence of lin-17, namely lin-17(n671) and cam-1; lin-17(n671) 
mutants, overexpression of the LIN-18ECD-TM promotes the P-Rvl 
phenotype, suggesting that overexpression of LIN-18ECD-TM disrupts 
endogenous lin-18 signaling. In contrast, in the presence of lin-17, namely lin-
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18 and cam-1; lin-18 mutants, LIN-18ECD-TM rescues the P-Rvl phenotype 
of the lin-18 loss-of-function mutant. Furthermore, the LIN-18ECD-TM failed 
to rescue the P-Rvl phenotype of the lin-17; lin-18 loss-of-function double 
mutant, suggesting that LIN-18ECD-TM cannot rescue lin-18 loss-of-function 
in the absence of lin-17. This indicates that LIN-18ECD-TM may acts via lin-
17 to promote normal P7.p orientation. One explanation is that LIN-18ECD-
TM forms a ternary complex with LIN-17 and Wnt ligand, and then triggers 
downstream signaling (Lu et al., 2004). 
 In other words, in addition to the lin-17 independent function revealed 
by lin-17; lin-18 double mutants, lin-18 may also interact with lin-17 to 
regulate P7.p polarity. This alternative mechanism of lin-18 signaling in P7.p 
cells suggests that the intracellular domain of lin-18 plays a non-essential role 
in lin-18 signaling.  
 Our results showed that overexpression of LIN-18ICD enhanced the P-
Rvl phenotype, suggesting that Wnt signaling components that regulate the 
polarity of P7.p were disrupted by the overexpression of LIN-18ICD. This is 
the first evidence that the lin-18 intracellular domain may have a function in C. 
elegans.  
The nuclear localization of LIN-18ICD 
 We could not show the presence of LIN-18ICD fragments in western 
blot experiments. In the functional assay of LIN-18FL and LIN-18RC 
(resistant to cleavage), both fragments significantly rescued the P-Rvl 




However, regardless of the cleavage, when LIN-18ICD is 
overexpressed in C. elegans, the LIN-18ICD fragment showed a tendency to 
localize at the nucleus, which is similar to the observation in mammalian cells. 
Moreover, the nuclear level of LIN-18ICD is regulated by CDC37, which also 
regulates the mammalian RykICD nuclear localization. These suggest that 
proteins that interact with LIN-18ICD may also interact with mammalian 
RykICD. Therefore, this could serve as a useful system to identify novel 
components that interact with Ryk intracellular domain. 
PAR-5 is a potential regulator of LIN-18ICD 
 We showed that par-5/14-3-3 regulates the level of LIN-18ICD in the 
nucleus. This suggests that PAR-5 interacts with the LIN-18 intracellular 
domain. 14-3-3 proteins interact with phosphorylated proteins, and we found 
that par-5 regulates the LIN-18KD fragment which lacks the serine-rich 
juxtamembrane region, suggesting PAR-5 may interact with LIN-18 at the 
kinase domain. There is a potential 14-3-3 binding motif (mode II: 
RX(Y/F)X(pS/T)XP, X indicates any amino acid, pS/T represents 
phosphorylated serine or threonine) (Yaffe et al., 1997) predicted in the LIN-
18 kinase domain (Appendix II). Thus, PAR-5 could bind directly to the LIN-
18KD and facilitate its nuclear localization. 
In vulval development, we found no obvious phenotype of the par-5 
mutant, and par-5 did not genetically interact with lin-17 and lin-18. This 
could be because par-5 and ftt-2 function synergistically in the regulation of 
































  In Chapter 1, I discussed the function of lipid modification in Wnt 
secretion, Wnt signaling and Wnt protein transport in the extracellular 
compartment. Wnt lipid modification is conserved evolutionarily. Two key 
regulators of Wnt lipid modification and Wnt secretion, Porcupine and 
Wntless, are also found in various organisms, including humans, mice, 
Drosophila and C. elegans. 
 Interactions of mom-1/Porcupine and mig-14/Wntless with Wnt 
signaling have been described in previous studies. Both mom-1 and mig-14 
(also known as mom-3) function together with mom-2/Wnt and mom-5/Fz to 
signal the EMS blastomere cell to divide asymmetrically to produce mesoderm 
and endoderm during embryogenesis (See Chapter 1.2). Another function of 
mig-14 is known in the L1 stage, where descendents of QL and QR 
neuroblasts migrate in opposite directions. EGL-20/Wnt signals the QL 
neuroblast descendents to migrate posteriorly. A mig-14 allele was isolated 
from a screen for mutants with QL neuroblast migration defects (Harris et al., 
1996). 
 Except Drosophila WntD, there are two conserved lipid modified 
residues in all Wnt family members, namely the cysteine 77 and the serine 209 
(amino acid numbering for mouse Wnt3a). The lipid modification on the 
conserved cysteine is required for Wnt signaling activity, however the 
underlying reason is unclear.  The crystal structure study of XWnt8-Fz8 
revealed that the conserved cysteine residue is engaged in a disulfide bond 
rather than Fz interaction (Janda et al., 2012) . However, a mutation of the 
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cysteine residue caused Drosophila wg accumulation in the Wnt-secreting cell 
(Franch-Marro et al., 2008), suggesting that this could be one of the functions 
for the lipid modified cysteine residue. In contrast, the lipid modification of 
conserved serine residue is required for Wntless binding in the Wnt secretion 
process and cysteine-rich domain (CRD) binding on the receptor. The 
requirement for lipid modification of serine residue seems consistent in other 
organisms where it has been tested, except Drosophila WntD which lacks the 
conserved serine residue (Ching et al., 2008).  
However, most of the findings regarding the role of Wnt lipid 
modification were made on the study of the canonical Wnt signaling pathway. 
In contrast, there is less evidence to show that lipid modification affects non-
canonical Wnt signaling pathways. Janda et al. (2012) showed that lipid 
modification is required for Wnt-FzCRD binding. However, in addition to the 
cysteine-rich domain (CRD), Wnt also binds to Wnt inhibitory factor (WIF) 
domain containing proteins. Until now, there is no direct evidence showing 
that lipid modification of Wnt is required for Wnt-WIF binding.  
In this study, we investigated the role of lipid modification in three 
different Wnt signaling pathways. We used the P7.p cell polarity since this is 
regulated by three Wnt receptors, lin-17/Fz, lin-18/Ryk and cam-1/Ror. lin-
17/Fz and lin-18/Ryk signaling promote the anterior polarity of P7.p cells, 
whereas cam-1/Ror signaling antagonizes the function of both lin-17/Fz and 
lin-18/Ryk. lin-44/Wnt, mom-2/Wnt and egl-20/Wnt are the corresponding 
preferred ligands for lin-17/Fz, lin-18/Ryk and cam-1/Ror in the regulation of 
P7.p cells.  
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 To study the role of lipid modification in non-canonical Wnt signaling 
pathways, we first investigated whether C. elegans Porcupine/mom-1 and 
Wntless/mig-14 are involved in lin-17/Fz, lin-18/Ryk and cam-1/Ror signaling.  
We generated various double mutants of mom-1 or mig-14 with lin-17/Fz, lin-
18/Ryk or cam-1/Ror. The P-Rvl phenotype of the double mutants was 
examined.  
 Green et al. (2008) showed that lin-44/Wnt and mom-2/Wnt are 
expressed at the anchor cell, which is located in close proximity to the vulval 
precursor cell P6.p at early third larval stage (L3). egl-20/Wnt is expressed 
from an unknown source at the tail (Green et al., 2008a). In this study, we 
identified the conserved cysteine and serine residues in LIN-44, MOM-2 and 
EGL-20. Mutants of each residue for LIN-44, MOM-2 and EGL-20 were 
generated by substituting the cysteine and serine residues with alanine. Each 
mutated Wnt protein was expressed under the control of the anchor cell 














Figure 4.1: Wnt orthologs  
The conserved cysteine and serine residues were aligned in mouse Wnt3a, C. 
elegans MOM-2, LIN-44 and EGL-20 proteins. The wild type, C and S 
mutants of MOM-2, LIN-44 and EGL-20 proteins were generated for this 
study. The conserved cysteine and serine residues were mutated to alanine. For 
EGL-20 protein, we used egl-20(n585) allele which contains the C99 mutation 


















4.2 Results  
mom-1/porcupine regulates cam-1 and lin-17 signaling, but may not be 
required for lin-18 signaling  
 Porcupine encodes a membrane bound predicted O-acyltransferase that 
is located in the endoplasmic reticulum. Previous studies showed that 
porcupine catalyzes the lipid modification of Wnt protein at the conserved 
serine residue. Impaired function of porcupine causes reduced Wnt signaling 
(See Chapter 1).  
 In C. elegans, mom-1 encodes the sole porcupine ortholog. There are 
two mom-1 mutant alleles (or10 and or46) available in CGC, however their 
molecular nature not known. By comparing the penetrance of the mutant 
phenotype, namely the endoderm induction defect and the ABar cleavage 
abnormality in embryo, the mom-1(or10) allele showed similar penetrance as 
the predicted null alleles (Rocheleau et al., 1997; Thorpe et al., 1997). Thus, 
we used the mom-1(or10) mutation which is probably a null allele in this study.   
 We first investigated the effect of mom-1 mutation on the polarity of 
P7.p. We found that a mutation in mom-1 caused the P-Rvl phenotype similar 
to lin-17 and lin-18 mutants as found previously (Takao Inoue pers. comm). 
This suggests that Wnts (LIN-44 and/or MOM-2) that promote the anterior 
polarity of P7.p are disrupted in the mom-1 loss-of-function mutant. In 
addition, we also observed the A-Rvl phenotype in the mom-1 mutant, 
indicating EGL-20/CAM-1 signaling is affected, since disruption of this 
pathway is required to produce the A-Rvl phenotype.  
86 
 
To investigate which Wnt protein is affected by the mom-1 mutation, 
we analyzed the P-Rvl phenotype in mom-1; cam-1 and mom-1; lin-18 loss-of-
function double mutants. Double mutants that show the enhanced P-Rvl 
phenotype relative to the mom-1 single mutant indicates that the corresponding 
Wnt ligand still functions in the presence of mom-1 mutations. On the other 
hand, if the ability of the corresponding Wnt to signal is eliminated by the 
mom-1 mutation, the P-Rvl phenotype should remain unaffected in the double 
mutant compared to the mom-1 single mutant. 
 We found that the penetrance of P-Rvl phenotype is not affected in the 
mom-1; cam-1 loss-of-function double mutant compared to the mom-1 single 
mutant, suggesting that EGL-20 signaling requires mom-1. In contrast, the P-
Rvl phenotype of mom-1 was significantly enhanced in the mom-1; lin-18 
double mutant, indicating that lin-18 signaling (MOM-2 is the probable ligand) 
is still active in the mom-1 mutant. Given that mom-1 probably functions in 
Wnt lipid modification, this result suggests that lipid modification may not be 
required for lin-18 signaling. On the other hand, the mutation in mom-1 
enhanced the P-Rvl phenotype of lin-18 in the mom-1; lin-18 double mutant, 






Table 4.1: The P-Rvl phenotype of different mutants 
Genotypes  %A-Rvl %P-Rvl %AP-Rvl n p-value 
*wild type   0 0 0 88   
*lin-17(n671)  0 77 0 202 <.0001
b
  
*cam-1(gm122)  1 0 1 109 1.0000
 b
  
lin-18 (e620) unc-2(e55) 0 37 0 71 <.0001
b
  
*lin-18(e620)  0 44 0 209 <.0001
b
  
dpy-11(e1180) mom-2(or42) 0 9 0 22 0.0385
 b
  
lin-44(n1792)  0 0 0 58 1.0000
 b
  
egl-20(n585)  0 0 0 50 1.0000
 b
  
lin-44;egl-20  0 1 0 101 1.0000
 b
  
mom-1(or10) unc-2(e55) 1 21 0 109  <.0001
b
 















. *Data are also shown in  Table 3.1 and 4.2
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mig-14/Wntless is required for lin-17 and cam-1,  but may not be required 
for lin-18 signaling 
 Wntless acts a Wnt sorting receptor to assist Wnt proteins transport 
from golgi to plasma membrane for secretion. Herr et al. (2011) showed that 
Wnt lipidation at the serine residue is required for Wnt recognition by Wls. 
In C. elegans, Wntless is encoded by mig-14 (also called mom-3). 
Similar to mom-1, we first investigated the mig-14 loss-of-function single 
mutant. Note that the mig-14 mutant allele (or78) contains a deletion in the 
coding exon which results in a deletion of the fifth transmembrane region of 
the protein. Thus, it is predicted to be a null allele. 
We found that the mig-14(or78) mutation caused the P-Rvl, A-Rvl and 
AP-Rvl phenotypes. This means that cam-1 and either lin-17 or lin-18 (or both) 
signaling require mig-14. In addition, we also observed other vulval 
developmental defects in the mig-14 loss-of-function mutant, including P5.p 
and P7.p induction defects in which the vulval precursor cells remains 
undivided. Thus, the P-Rvl phenotype was assessed only in worms in which 
the P7.p cell was induced (Table 4.2). 
Using a similar strategy as for mom-1, we generated mig-14; lin-17,  
mig-14; cam-1 and mig-14; lin-18 loss-of-function double mutants to test 
which Wnt protein requires mig-14 to function. 
 We found no obvious difference in the P-Rvl phenotype when mig-14; 
lin-17 and mig-14; cam-1 double mutants were compared to the mig-14 single 
mutant (Table 4.2), suggesting that LIN-44 (preferred LIN-17 ligand) and 
EGL-20 (preferred CAM-1 ligand) signaling require mig-14. Also, when the 
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mig-14; lin-17 double mutant is compared to the lin-17 single mutant, the P-
Rvl phenotype is suppressed in the mig-14; lin-17 double mutant, suggesting 
mig-14 regulates a signaling pathway that promotes posterior orientation of 
P7.p, such as the cam-1 pathway.  
Interestingly, we found that the P-Rvl phenotype was significantly 
enhanced in the mig-14; lin-18 loss-of-function double mutant compared to the 
mig-14 mutant, indicating that lin-18 signaling is not fully eliminated in the 
mig-14 mutant (Table 4.2). Since MOM-2 appears to be the preferred ligand 
for LIN-18, this suggests that Wntless is not absolutely required for MOM-2 
secretion or signaling. In addition, the mig-14 mutation significantly enhanced 
the P-Rvl phenotype of the lin-18 mutant. This suggests that mig-14 regulates 
lin-17 signaling.  
mom-1 and mig-14 mutants were maintained as heterozygotes and 
homozygous progeny were scored. Thus we could not exclude the possibility 




Table 4.2: The mig-14 mutants analysis 
 
 





. *Data are also shown in Table 3.1 and 4.1 
Genotypes P5.p  P7.p  Total 
worms % P5.p 
induction 
%A-Rvl and AP-Rvl in 




%P-Rvl and AP-Rvl 
in worms with P7.p 
induction 
p-value 
*wild type 100 0 100 0   88 
*lin-17(n671) - - - 77 <.0001
a  202 
*cam-1(gm122) - - - 1 1.0000
a  109 
*lin-18 (e620)  - - - 44 <.0001
a
  209 
mig-14(or78) unc-4(e120) 49 23 93 33  <.0001
a
 82 

















 The role of conserved cysteine and serine residues in Wnt signaling 
 To further study the role of Wnt lipid modification in lin-17, lin-18 and 
cam-1 signaling, we mutated the conserved cysteine and serine residues in 
LIN-44, MOM-2 and EGL-20 (Figure 4.1). The mutated proteins were 
specifically expressed in the anchor cell, under the control the fos-1a promoter. 
To test whether the Wnt mutant protein is able to stimulate intracellular 
responses, we overexpressed the Wnt mutant protein in various mutant 
backgrounds and examined the effect on the P-Rvl phenotype. 
 For testing wild type and mutants of LIN-44 (LIN-44, LIN-44C91A 
and LIN-44S219A), we placed the transgenes in the lin-44; mom-2 double 
mutant. We found that the P-Rvl phenotype was not rescued well by 
overexpression of GFP tagged LIN-44 wild type. We suspected the GFP 
protein fused to the C-terminus of LIN-44 might have affected LIN-44 
signaling. Thus, we generated another set of LIN-44 wild type and mutant 
transgenes which lacked the GFP tag. We found that only LIN-44, but not 
LIN-44C91A and LIN-44S219A, rescued the P-Rvl phenotype of the lin-44; 
mom-2 double mutant, indicating that these two lipid modified residues are 
important for LIN-44-LIN-17 signaling (Table 4.3). However, we noticed that 
the rescue of LIN-44 was incomplete. We suspect that this could be due to 
lower expression of the Wnt protein. 
 Since the mutant allele egl-20(n585) alters the conserved cysteine 
residue and obviously compromises EGL-20/Wnt function, we only 
investigated the role of serine residue for EGL-20 (EGL-20S254A). We 
overexpressed the GFP-tagged EGL-20 wild type and EGL-20S254A mutant 
92 
 
in the lin-17(n671); egl-20(n585) double mutant and found that the P-Rvl 
phenotype was enhanced by overexpression of EGL-20 wild type, but not 
EGL-20S254A (Table 4.3). This implies that mutation in the conserved serine 
residue impairs EGL-20 signaling.  
 For MOM-2, we generated two sets of transgenes (with or without the 
GFP tag) and placed them into the lin-44; mom-2 double mutant. First, GFP 
tagged MOM-2 wild type and MOM-2S233A, but not MOM-2C80A, were 
found to rescue the P-Rvl phenotype of the lin-44; mom-2 double mutant. 
However, we noticed that GFP tagged MOM-2 wild type, MOM-2C80A and 
MOM-2S233A caused other vulval developmental defects and significantly 
enhanced the P-Rvl phenotype in the lin-44 loss-of-function mutant 
background. This suggests that overexpression of MOM-2 might interfere with 
other vulval developmental processes. Thus, we injected worms with lower 
amount of DNA for MOM-2 transgenes without the GFP tag. We found that 
the P-Rvl phenotype was weakly rescued by MOM-2 wild type and MOM-
2S223A, but not MOM-2C80A mutant (Table 4.3).  
 We also investigated whether the Wnt secretion is affected by cysteine 
and serine mutations (Figure 4.2). With wild type Wnt tagged with GFP, we 
observed diffuse GFP signal around the anchor cell. However, similar 
distribution was found in the mutated Wnts as well. Because the size of the 
anchor cell is small and the cell boundaries are not well defined, we could not 




Table 4.3: The effect of Wnts and their mutants on the P-Rvl phenotype of various mutant backgrounds  
Genotypes  Wnt protein %A-Rvl %P-Rvl %AP-Rvl n *p-value 
lin-44(n1792)   0 0 0 58  
lin-44(n1792) LIN-44::GFP 0 4 0 49 0.2074 
lin-44(n1792) LIN-44C91A::GFP 0 6 0 52 0.1024 
lin-44(n1792) LIN-44S219A::GFP 0 7 0 58 0.1185 
lin-44(n1792)
 a
 MOM-2::GFP 0 44 0 16 <.0001 
lin-44(n1792) MOM-2C80A::GFP 0 19 0 62 0.0003 
lin-44(n1792) MOM-2S223A::GFP 3 11 0 62 0.0133 
lin-44(n1792); mom-2(or42)
b
   0 57 0 109  
lin-44(n1792); mom-2(or42)
 b
 LIN-44::GFP 0 46 0 140 0.0968 
lin-44(n1792); mom-2(or42)
 b
 LIN-44C91A::GFP 0 56 0 98 1.0000 
lin-44(n1792); mom-2(or42)
 b
 LIN-44S219A::GFP 0 49 0 102 0.2718 
lin-44(n1792); mom-2(or42)
 b
 LIN-44 1 34 1 108 0.0017 
lin-44(n1792); mom-2(or42)
 b
 LIN-44C91A 0 55 0 64 0.8741 
lin-44(n1792); mom-2(or42)
 b
 LIN-44S219A 0 58 0 112 0.8923 
lin-44(n1792); mom-2(or42)
 b
 GFP 0 47 0 74 0.2288 
lin-44(n1792); mom-2(or42)
 b
 MOM-2::GFP 0 31 0 13 0.0856 
lin-44(n1792); mom-2(or42)
 b
 MOM-2C80A::GFP 1 58 0 67 0.8767 
lin-44(n1792); mom-2(or42)
 b
 MOM-2S223A::GFP 0 23 1 105 <.0001 
lin-44(n1792); mom-2(or42)
 b
 MOM-2 0 42 0 86 0.0439 
lin-44(n1792); mom-2(or42)
 b
 MOM-2C80A 0 64 0 42 0.4630 
lin-44(n1792); mom-2(or42)
 b





Table 4.3:The effect of Wnts and their mutants on the P-Rvl phenotype of various mutant backgrounds (continued) 
Genotypes  Wnt protein %A-Rvl %P-Rvl %AP-Rvl n *p-value 
egl-20(n585)  0 0 0 50  
egl-20(n585) EGL-20::GFP 0 0 0 55 1.0000 
egl-20(n585) EGL-20S254A::GFP 0 4 0 47 0.2322 
lin-17;egl-20(n585)
 
  2 5 0 106  
lin-17;egl-20(n585) EGL-20::GFP 2 13 0 89 0.0408 
lin-17;egl-20(n585) EGL-20S254A::GFP 1 6 0 68 0.7381 
* p-value was calculated for the P-Rvl and AP-Rvl phenotype, compared to the corresponding mutants that without transgenes. Fisher’s test was 
used. 
a 
For lin-44(n1792); qwEx[MOM-2::GFP], worms examined were lin-44(n1792); dpy-11 mom-2(or42)/nT1 (heterozygous for mom-2). 
 
b
















































Figure 4.2: The expression of GFP tagged Wnt proteins in the anchor cell 
Early or mid L3 stage worms are shown. During the L3 stage, vulval precursor 
cells undergo three rounds of cell division. Some images show different 
numbers of vulval cells. All Wnts were expressed in the anchor cell under the 
control of the fos-1a promoter. The position of anchor cell is indicated by a red 
arrow. 
A. Wild type and mutants of LIN-44 expressing animals. The Wnt proteins 
were mainly found in the anchor cell. Weak GFP signal was observed around 
the anchor cell for all animals shown. 
B. Wild type and mutants of MOM-2 expressing worms. MOM-2 and mutated 
MOM-2 proteins were mainly found in the anchor cell. Diffuse GFP signal 
was observed in all animals.  
C. EGL-20 and EGL-20S254A expressing animals. Weak GFP signal was 













4.3 Discussion  
Analysis of MOM-1/Porcupine and MIG-14/Wntless in P7.p polarity 
signaling 
 mom-1/Porcupine and mig-14/Wntless are important factors in Wnt 
secretion. mom-1/Porcupine encodes a membrane bound O-acyltransferase 
that is responsible for Wnt lipid modification at the conserved serine residue. 
mig-14/Wntless acts as a sorting receptor for Wnt protein trafficking prior to 
secretion. It has been shown that lipid modification of the conserved serine 
residue is required for Wntless recognition of Wnt.  
Given the relationship of these proteins with lipid modification of Wnt, 
we performed double mutant analysis to investigate the requirement of lipid 
modification in lin-17, lin-18 and cam-1 signaling. Mutations in both mom-1 
and mig-14 cause the P-Rvl phenotype, indicating that lin-17 or lin-18 
signaling is affected.  By generating the double mutants of mom-1 or mig-14 
with downstream receptors (lin-17, lin-18 and cam-1), we could analyze the 
relationship of mom-1 and mig-14 with lin-17, lin-18 and cam-1 signaling. 
From this analysis, we conclude that unlike lin-17 and cam-1, lin-18 signaling 
probably does not require these proteins in the Wnt-producing cells.  
Lipid modification is required for the Wnt-Fz signaling pathway 
In the genetic study of mig-14 and mom-1, we found that Wntless and 
Porcupine, key components in Wnt lipid modification, are required for Wnt-Fz 
signaling controlling P7.p polarity. In addition, mutations of either the 
conserved cysteine or the serine residue in LIN-44 (preferred ligand for LIN-
17/Fz) could not rescue the P-Rvl phenotype, indicating these residues are 
important for LIN-44/Wnt signaling. Based on these results, we suggest that 
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lipid modification is required for C. elegans Wnt-Fz signaling. This is 
consistent with mammalian Wnt-Fz signaling. Although our results show the 
physiological role of Wnt lipid modification in P7.p polarity, the underlying 
mechanism is unclear. Previous studies showed that the lipid modified 
conserved serine residue is required for Wnt secretion as well as receptor 
interaction, however we could not conclusively show that LIN-44S219A and 
EGL-20S254A accumulated in the anchor cell. 
The role of lipid modification in the Wnt-Ror signaling pathway 
 egl-20(n585) allele contains a substitution mutation at the cysteine 
residue (C99) which corresponds to Wnt3a C77. This mutation causes 
disruption of EGL-20 function, which is shown in the lin-17(n671); egl-
20(n585) double mutant. The P-Rvl phenotype of the lin-17(n671) mutant is 
suppressed by the egl-20(n585) mutation, suggesting the conserved cysteine is 
important for Wnt signaling. In this study, we mutated another lipid modified 
residue, EGL-20S254A, and found that this mutation also impairs the EGL-20 
function. EGL-20/Wnt binds to the CAM-1/Ror receptor to regulate the 
polarity of P7.p. In the genetic analysis of mom-1 and mig-14 with cam-1, we 
found that cam-1 signaling is regulated by both mom-1 and mig-14 (See 
Chapter 4.2 results). Thus, we conclude that lipid modification is required for 
Wnt-Ror signaling. 
 The role of lipid modification for Wnt-Fz and Wnt-Ror signaling could 
be explained from the structure of their Wnt-binding domain, the cysteine-rich 
domain (CRD). Janda et al. (2012) showed that the lipid modified serine 
residue is directly involved in the Xenopus Wnt8 and Fz8CRD interaction.  
100 
 
The Wnt-Ryk signaling pathway may not require the lipid modification of 
conserved serine residue  
 In the genetic analysis of mom-1 and mig-14, the P-Rvl phenotype is 
enhanced in both lin-18; mom-1 and lin-18; mig-14 double mutants compared 
to mom-1 and mig-14 single mutants, suggesting that lin-18 signaling does not 
require mom-1 and mig-14 (See Chapter 4.2 results). In other words, the ligand 
for LIN-18 (probably MOM-2) may not be required to undergo lipid 
modification and may be secreted even in the absence of Wntless. The results 
of mutated MOM-2 experiments were generally consistent with this possibility, 
However, because the rescue of the lin-44; mom-2 double mutant was weak, 
even for the wild-type MOM-2, additional experiments are required to 
rigorously test the requirement for serine modification.  
 One of the explanations for the different requirement of lipid 
modification between LIN-17, LIN-18 and CAM-1 is their Wnt-binding 
domain. LIN-18 possesses a WIF domain, while LIN-17 and CAM-1 bind to 
Wnt via CRD domain. Thus, it is possible that lipid modification is not 
required for Wnt binding with the WIF domain. This could be further analyzed 
using cell-based experiments.  
In this study, we found a common feature of the three Wnt signaling 
pathways, in which the conserved cysteine residue is important for the Wnt 
signaling activity. Although Janda et al. (2012) suggested that the conserved 
cysteine residue is only involved in the disulfide bond formation. However, it 



























In the analysis of lin-18/Ryk intracellular domain, we showed that 
overexpression of LIN-18ECD-TM rescued the P-Rvl phenotype of lin-18 
mutant which is consistent with previous results, but this rescue may be lin-17 
dependent. Previous studies showed that lin-18 and lin-17 function 
independently to regulate the P7.p cell polarity. Thus, we propose an 
alternative mechanism of lin-18 signaling in P7.p cell polarity, in which LIN-
18ECD-TM may function in a lin-17 dependent manner. This explains how 
the lin-18/Ryk intracellular domain plays a non-essential role in the regulation 
of P7.p cell polarity. 
Although we could not detect the presence the LIN-18ICD fragments 
in C. elegans, we found that the artificially expressed LIN-18ICD is enriched 
in the nucleus of pm7 cells, suggesting like mammalian RykICD, the LIN-
18ICD has the tendency to localize at the nucleus. We showed that par-5/14-3-
3 and cam-1/CAM-1 regulate the nuclear localization of LIN-18ICD, 
indicating that 14-3-3 and Wnt pathway components interact with the 
intracellular domain of LIN-18.  
In the study of Wnt lipid modification in Wnt signaling, we found that 
both LIN-17/Fz and CAM-1/Ror signaling, but probably not LIN-18/Ryk 
signaling, require mom-1/Porcupine and mig-14/Wntless. Given that mom-
1/Porcupine and mig-14/Wntless are involved in the lipid modification of the 
conserved serine residue, this suggests that LIN-18/Ryk signaling is different 
from LIN-17/Fz and CAM-1/Ror signaling in the requirement for lipid 
modification in the serine residue. However, we found that LIN-17/Fz, LIN-
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3g of NaCl, 17g of Agar, 2.5g of Peptone were added into 975ml of H2O and 
autoclaved for 20 minutes. 1ml of 1M CaCl2, 1ml of 5% cholesterol in ethanol, 
1ml of 1M MgSO4 and 25ml of 1M Kpi buffer were added into the solution. 
1M Kpi buffer 
108.3g of KH2PO4, 35.6g of K2HPO4 were added into 1litre of H2O and 
autoclave. 
S. Basal (without cholesterol) 
100ml of 1M of NaCl, 50ml 1M of Kpi (pH6), top up with H2O to 1litre and 
autoclave. 
M9  
3g of KH2PO4, 6 g of Na2HPO4, 5g of NaCl, 1ml of 1M MgSO4, top up with 
H2O to 1litre and autoclave.  
10xTBS (pH8) 
30g of Tris, 144.1g of glycine, top up with H2O to 1litre and mixed. The 
working solution was diluted 1:10  
TBST 




hRyk1           MRGAARLGRPGRSCLPGARGLRAPPPPPLLLLLALLPLLPAPGAAAAPAPRPPELQSASA 60 
ceLIN-18        ------------------------------MILRYLIFFAQLWALCLAN----------- 19 
                                              ::*  * ::.   * . .             
 
hRyk1           GPSVSLYLSEDEVRRLIGLDAELYYVRNDLISHYALSFSLLVPSETNFLHFTWHAKSKVE 120 
ceLIN-18        ---VNMFISKEEMNRTFGVKAELNYIEMGNVSSYSTKFHYRVMANIDYLSFTWNAVGIVH 76 
                   *.:::*::*:.* :*:.*** *:. . :* *: .*   * :: ::* ***:* . *. 
 
hRyk1           YKLGFQVDNVLAMDMPQVNISVQGEVPRTLSVFRVELSCTGKVDSEVMILMQLNLTVNSS 180 
ceLIN-18        YEVYVESD--DSSVLPIVRIPLKGTVPESLQDFTVEYRCAGHRSGQFAVSLYFTFKYGNK 134 
                *:: .: *   :  :* *.*.::* **.:*. * **  *:*: ..:. : : :.:. ... 
 
hRyk1           KNFTVLNFKRRKMCYKKLEEVKTSALDKNTSRTIYDPVHAAPTTSTRVFYISVGVCCAVI 240 
ceLIN-18        EPLKVKLRQEKICASRDGRRGLNGGYEG--------HEVDDTDSIDKAFFVIICIAAAFL 186 
                : :.*   :.:  . :. ..  ... :              . :  :.*:: : :..*.: 
 
hRyk1           FLVAIILAVLHLHSMKRIELDDSISASSSSQGLSQPSTQTTQYLRADTPNNATPITSSLG 300 
ceLIN-18        LIVAATLICYFKRSKKEDMIPTRLPTSFRN---SLKSTKSAQPFLLSTPRDGPPTLSAIS 243 
                ::**  *   . :* *.  :   :.:*  .   *  **:::* :  .**.:..*  *::. 
 
hRyk1           YPTLRIEKNDLRSVT-----LLEAKGKVKDIAISRERITLKDVLQEGTFGRIFHGILIDE 355 
ceLIN-18        SAPCSSSSASGNSIIPSKPRNIDVRRALLQLYQDRDAFQSLPLDMEGTFGEVRYAIWRQV 303 
                 ..   .. . .*:       ::.:  : ::  .*: :    :  *****.: :.*  :  
 
hRyk1           KDPNK------------EKQAFVKTVKDQASEIQVTMMLTESCKLRGLHHRNLLPITHVC 403 
ceLIN-18        DDVLNGDVDDEEDTFCNQEAVYTKTLKNNASPIQLDRFLSDALLFYNITPHQNLSQVACV 363 
                .*  :            :: .:.**:*::** **:  :*:::  : .:  :: *. .    
 
hRyk1           IEEG---------EKPMVILPYMNWGNLKLFLRQCKLVEANN-PQAISQQDLVHMAIQIA 453 
ceLIN-18        ASFGRFDRPETVTDFPLVCYRHQGFGNLKKFLTICRHGDKTKGAQTLRTHQLVSLATQVS 423 
                 . *         : *:*   : .:**** **  *:  : .: .*::  ::** :* *:: 
 
hRyk1           CGMSYLARREVIHKDLAARNCVIDDT---LQVKITDNALSRDLFPMDYHCLGDNENRPVR 510 
ceLIN-18        SAVAHIHKYRIVHNDIAARNCLIAEVNGRLQVQLCDSALSRDLFPADYHCLGDNENRPLK 483 
                ..:::: : .::*:*:*****:* :.   ***:: *.******** ************:: 
 
hRyk1           WMALESLVNNEFSSASDVWAFGVTLWELMTLGQTPYVDIDPFEMAAYLKDGYRIAQPINC 570 
ceLIN-18        WMSPEAIANELYSSAADVWSLGVLLWELMSLGGSPHAEIDPEEVYTMILKGKRLQQPNNC 543 
                **: *::.*: :***:***::** *****:** :*:.:*** *: : : .* *: ** ** 
 
hRyk1           PDELFAVMACCWALDPEERPKFQQLVQCLTEFHAALGAYV 610 
ceLIN-18        PDQLYEVMLCCWRVLSEDRPSSEQVVHGLRDFNIQLSQYI 583 
                **:*: ** *** : .*:**. :*:*: * :*:  *. *: 
 
Domains hRyk sequence ceLIN-18 sequence Similarity  
WIF domain 64-196 a.a 20-149 a.a 27% 
Kinase domain 326-610 a.a 269-583 a.a 39% 
 
Analysis of human Ryk and C. elegans LIN-18 amino acids sequences. The 
transmembrane region is underlined. The potential phosphorylated residues 
(serine, threonine and tyrosine) are shaded in the intracellular domain. The 
potential, but not high stringent 14-3-3 binding motif is boxed in the ceLIN-18 
sequence. However, this region is not highly conserved in hRyk. 
